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Summary 
 
Isotactic polypropylene (iPP) is one of the widely used commercial thermoplastics. 
Physical properties of iPP can be tailored to the requirements with respect to structure, 
microstructure and processing, thus research continues in the development and 
modification of the polymer. With the advancement of chemistry, as our 
understanding in tailoring of the molecular structure has enhanced, iPP has become 
more of a generic name.  
 
With the developments in polymer technology, including polymer processing, it is 
apparent that to achieve dimension stability one requires fast crystallisation of the 
semi-crystalline polymer. For an example, in the injection molding of the material, 
with increasing efficiency of the molding machines to shorten the processing time, 
production of mould products is faster than crystallisation rate of the polymer. 
Relatively slow crystallisation rate, imposes limitation in production cycle of the 
material. Considering that crystallisation is nucleation and growth process, where 
nucleation is normally controlled by the presence of heterogeneity, a way to suppress 
the nucleation barrier is inclusion of an additive that can promote nucleation. Such a 
class of additives are called nucleating agents, where in simplicity their efficiency is  
defined by shift in the crystallisation temperature to higher values at fast cooling rates. 
 
Thus the subject of polymer crystallisation in the presence of nucleating agents has 
attracted a great interest.  In fact, the possibility to gain shorter induction time of 
polymer crystallisation by controlling  nucleation, is the desired goal by many 
researchers. Furthermore, control of crystallisation from polymer melt is also an 
important method for modification of the subsequent solid-state properties, allowing  
design of materials to new applications.  
 
It is also to be realized that shaping of the polymer products requires handling of the 
viscoelastic melt under flow conditions. The inclusion of flow plays a prominent role 
in stretching of molecules, where disengagement of chains occurs from the entangled 
network. Thus the presence of additive and its influence in crystallisation of the 
polymer during flow demands fundamental in-depth understanding.   
 
The open helical structure of iPP provides several possibilities of tailoring nucleating 
agents that can suppress the nucleation barrier by epitaxy matching and enhance the 
overall crystallisation rate. One of the successful nucleating agents for iPP is the 
derivative of sugar, sorbitol. Considering its origin, the additive is well accepted for 
packaging purposes and is often known as clarifier, because it enhances nucleation 
rate to an extent that the crystal aggregate dimensions reduces below the wavelength 
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of visible light, leading to development of the transparent semi-crystalline products 
having higher modulus and strength compared to the amorphous materials having 
glass transition below room temperature.   
 
The primary objective of this thesis is to study crystallization of polymer molecules 
during flow in the presence of nucleating agents having different chemical structures 
and properties. For this purpose, isotactic polypropylene (iPP) having molar mass 
365Kg/mol and molar mass distribution 5.4,  obtained from a commercial source is 
utilised. The morphology of semicrystalline polymer in the quiescent and flow 
conditions is revealed using time resolved optical microscopy and X-ray scattering 
(SAXS/WAXS) techniques. Rheological aspects of polymer melt in the presence of 
nucleating agents are manifested. Thermal changes are followed by DSC.  
 
The effect of a commercial nucleating agent such as NA11 has been studied on the 
crystallisation kinetics of polymer with and without application of shear. In the 
absence of shear, crystallisation of the iPP from quiescent melt with and without the 
nucleating agent is investigated. The probable epitaxial matching between the NA11 
molecules and the polymer promotes remarkable enhancement in the overall 
crystallisation rate of the polymer. 
 
In the presence of shear, different shear rates and shear times are varied and applied to 
the polymer melt. The observations are that the resulting polymer morphology show 
strong dependence on the shear rate compared to shear time. In particular, also for the 
neat polymer, when the applied shear rate is beyond a critical threshold the resulting 
polymer crystalline structure is influenced and a diverse degree of orientation can be 
retained. This orientation is higher when polymer crystallisation occurs in the 
presence of NA11. 
 
Influence of an innovative nucleating agent, commercially known as Irgaclear xt386, 
is examined on the crystallisation behaviour of isotactic polypropylene. Unlike NA11 
the nucleating agent Irgaclear xt 386 shows miscibility in polymer melt. Thus a 
pseudo-monotectic phase diagram of the nucleating agent and iPP is examined and 
proposed. At high temperature the nucleating agent dissolves in the iPP melt and 
forms homogeneous liquid. While on cooling, with crystallisation of the nucleating 
agent, liquid to solid phase separation occurs. This crystallisation is observed above 
the melting point of iPP. The crystallised nucleating agent, spread over the polymer 
melt, provides heterogeneous nucleation site suppressing the nucleation barrier for 
polymer crystallisation thus shifting the crystallisation temperature to higher values.  
 
On the application of constant shear, by varying shear rate and shear time, influence 
of nucleating agents on iPP prior and after its crystallisation is followed in time by 
optical microscopy and time resolved SAXS. The studies are further extended to 
different shear temperatures with the view to influence relaxation process of polymer 
chains. 
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          Chapter 1 
 
Introduction 
 
As known isotactic polypropylene (iPP) is one of the most important commercial 
thermoplastics. It is now widely recognised that the discovery of the stereospecific 
polymerisation of polypropylene not only represented the most important step in the synthesis 
of crystalline polymers at the scientific and industrial level, but even more important, it meant 
the beginning of a new challenging adventure still in progress today. 
The physical properties of iPP can be tailored to the requirements with respect to the 
structure, microstructure and processing, thus a substantial research attention continues to be 
devoted to this kind of polymer. 
At present, polymer industry is interested in modifying the properties of polymer for two 
main purposes: to develop new challenging products in the market and, at the same time, to 
reduce high costs of production by optimizing polymer processing conditions. For example, 
in the injection moulding industry, with increasing efficiency of the moulding machines to 
shorten the processing time, production of mould products is faster than crystallisation rate of 
the polymer (shrinkage phenomenon).This latter causes slow cooling and development of 
inhomogeneous products and therefore it is a limiting factor in the production rate of plastic 
manufacture. 
To this end, the subject of polymer crystallisation has attracted a great interest in scientific 
research for several decades. In fact, the possibility to gain shorter induction time of polymer 
crystallisation by controlling of nucleation stage, is the desired goal by many.  
Furthermore, the control of the crystallisation from the polymer melt is also an important 
method for the modification of the subsequent solid-state properties of the material, allowing 
for the design of materials to new applications.  
Generally speaking, nucleating agent is a good example to meet at a time the previous desired 
goals: (a) controlling the nucleation stage, (b) modifying the solid-state properties and 
therefore it is nowadays continuously demanded by the polymer industry. In fact, the benefits 
obtained from this latter would be, on one hand, improving of the overall polymer 
crystallisation, by providing nuclei or large surfaces to reduce the free energy barrier for the 
 2
formation of a new polymer nucleus, while on the other hand altering the optical and 
mechanical properties by generating smaller polymer spherulites and rendering the final 
product fully clarified.  
 
1.1 Brief history of isotactic polypropylene and its economic relevance 
 
Polypropylene (PP) was discovered in the early 1950s. The synthesis of iPP was enabled by 
Ziegler-Natta catalysts (Z-N).1 Natta was able to obtain a distinctive polymer called isotactic 
polypropylene and he characterised it by fractionation.2 
In 1957 iPP was taken into commercial production3 and it was performed, for the first time, 
by the Italian company Montecatini. 
Since then major developments in the production and applications of PPs have occurred, 
increasing the polymer yield from 0.8 kg/(catalyst gram) to more than 100 kg/(catalyst gram) 
along with a significant increase in isotacticity, over four different generations of Z-N 
catalysts.2, 3 
At the present better understanding of the mechanism-involved during catalysis has led to the 
development of flexible, economical and environmental friendly polymer and their products. 
Moreover, many advantages of iPP such as the significantly higher melting temperature of 
the material, fully recyclable composites, low cost of raw material and so on, these 
commercial benefits have also led to increase its demand in the course of the time. 
Currently, the European demand of PP to be converted in plastic products is around 8.8 
million of tonnes per annum.4 
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Figure 1.1.European Plastics demand by type 2011.4 
 
 
1.2 Polymorphism in Isotactic Polypropylene 
 
Polymorphism is a common phenomenon in crystalline polymers and hence also in 
polypropylene. It is well known that isotactic polypropylene (iPP) presents a complex 
polymorphic behaviour.5, 6 
Three different crystalline forms named α, β and γ 5−14 and a mesomorphic15 structure have 
been described. In all crystalline phases in isotactic polypropylene, the chain adopts a three-
fold helical conformation (31-helix) which indicates that it takes three monomer units to make 
one helical turn. The helix can be either right(R)- or left(L)-handed, with a period of 6.5 Å. 
The right- and left-handedness are related by a mirror symmetry parallel to the helix. 
Furthermore the orientation of the C-CH3 bond with respect to the chain axis can be either up 
or down. The up and down conformations overlap each other if rotated by 180° around the 
normal of the chain axis. As a consequence four possible configurations can be distinguished 
relative to their reference axis as shown in Figure 1.2. 
The most common crystal form of iPP is the α-phase consisting of a monoclinic unit-cell, 
having the following cell-unit parameters, a = 6.66 Å; b = 20.78 Å; c = 6.495 Å and β = 
99.6°, which have been determined by Natta and Corradini et al.5 A projection of this crystal 
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structure in the plane ab of the unit cell is reported in Figure 1.3. The crystalline α- form is 
generally obtained from melt-crystallisation procedures and in drawn fibers.16,17 Depending 
on the thermal and mechanical history, either melt-crystallised samples or drawn fibers, may 
present different degrees of structural disorder, indicating that they are crystallised in 
modifications, which can usefully be considered as intermediate between two ideal forms, the 
limit-ordered and the limit-disordered model structures.5,8,17 
In fact, Hikosaka and Seto and coworkers8 first distinguished two main structures, the up-
down disordered form named “α1” and the hypothetical limiting ordered form named “α2”. 
These two forms can be distinguished via detailed X-ray analysis at high diffraction angles. 
Samples existing mainly in the “α1” form show a double melting peak upon slow heating in 
DSC experiments.18 In contrast, a sample near the “α2” form only displays a narrow single 
melting peak. The double melting peak can be explained as a disorder-order transition if the 
heating rate allows partial melting of the material.19 
The partial melting is needed for re-crystallisation of “α1” into “α2”phase. 
In highly stereo-regular samples the double melting is also associated with the melting of the 
daughter- and the mother lamellae, respectively.20 As matter of fact, one of the characteristic 
morphological features of α phase is the so-called crosshatching, also known as lamellar 
branching. This morphology consists of two kinds of lamellae named mother- and daughter 
lamellae respectively, which have been observed growing one on the top of each other with 
diverse growth direction with an angle of about 80°.21 
 5
 
Figure 1.2.Chain conformations of isotactic polypropylene. Right(R)- and left(L)-handed 31 
helices in their up(up) and down (dw) configuration. 2 
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Figure 1.3.Model of packing of iPP in the α form. Right(R)- and left(L)-handed 31 helices in 
their up(up) and down (dw) configuration. 5,17 
 
The β phase was discovered by Keith et al.22 in the late 1950s. The β phase is normally 
observed during crystallisation in the presence of nucleating agents or under specific 
crystallisation conditions like imposition of a shear or temperature gradients.23-25 
The crystal structure was established by Meille et al.9 who described this structural 
modification as a trigonal cell with the following parameters a=b= 11.01 Å, c=6.5 Å, α =β= 
90° and γ = 60°. The arrangement of the lamellae in the β spherulites is radial. This results in 
the formation of well-individualised negatively birefringent spherulites, which can be easily 
distinguished by α spherulites. The β phase is thermodynamically metastable and therefore 
re-crystallises to the α form on heating.21 A sketch of the three crystal structures is reported 
in Figure 1.4. 
 7
 
 
Figure 1.4.The three crystal modifications of isotactic polypropylene. (a) β phase, trigonal 
unit-cell, three isochiral helices, frustrated packing.21b The three-fold helices are schematized 
in chain axis projection by triangles. (b) α phase, monoclinic unit-cell (note the a ∗ axis), 
four chains per unit-cell, organised in antichiral layers parallel to the ac-plane (the different 
chiralities are symbolised by unshaded and shaded triangles). (c) γ phase structure with non-
parallel chain axes. The structure is seen along the chain axes of one set of chains. The 
structure of the layers is as in the α phase, but the sequence of layers is different.26 
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Crystallisation of iPP in the γ phase strongly depends upon specific aspects of the molecular 
structure. For example, the γ phase is observed in less stereo-regular isotactic 
materials20,27,28,29 in very low molecular weight samples at atmospheric pressure11,28 and in 
certain types of random copolymers.30 The phase is also observed upon crystallisation at 
elevated pressures31-33 in that situation even in highly isotactic samples, independent of molar 
mass. Recently, it was discovered that crystallisation of γ phase can be easily achieved by 
synthesis with metallocene catalysts.34, 35    
In 1989 the structure of the γ phase was solved by Br¨uckner and Meille. They showed that 
the γ  phase has an unusual crystal structure with a non-parallel chain conformation in an 
orthorhombic unit-cell as illustrated in Figure 1.4 c. The helixes are packed in bilayers. The 
orthorhombic unit-cell of this crystal phase is relatively large with dimensions a = 8.54; b 
=9.93 and c = 42.41 Å.12 This non-parallel chain feature was confirmed by Lotz et al. by 
means of transmission electron microscopy combined with electron diffraction.29 
Note that in the γ phase the c-axis of the unit-cell is not the chain axis direction. A detailed 
result of the polymorphism of iPP from X-rays diffraction patterns are presented in Figure 
1.5. 
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Figure 1.5.The WAXD patterns of the different phases in isotactic polypropylene. Diagnostic 
reflections are shaded.2 
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1.3 Polymer Crystallisation and Morphology: Crystallisation under quiescent conditions 
Polymer crystallisation under quiescent conditions is a phase transformation process, which is 
caused by a change in the thermodynamic state of the system. It is important to classify the 
quiescent polymer crystallisation into two general types : (1) Crystallisation from dilute 
solutions and (2) Crystallisation from the melt.  
Crystallisation from dilute solutions often provides a more fundamental method for structural 
analysis of polymer crystals as these entities can be isolated and precisely studied.  
Crystallisation from the melt is closer to pragmatic use of the polymer and it has even more 
industrial interest as this avenue is often adopted by industrial process to achieve the ultimate 
properties of polymers. 
The concept of Fringed micelle36 was the first model about crystallising polymer 
microstructure, it was assumed by Hermann, Gerngross and Abitz in 1930 to explain the 
structure of gelatin and then later more fully explained by Flory.37, 38, 39 The fringed micelle 
model is based on the idea that parts of the polymer segments (either in solution or in the 
melt) group themselves together to form bundled crystalline regions (see Figure 1.6). These 
bundles can then grow in the direction of chain axis by reeling in adjoining chain segments 
into the crystalline region. Lateral growth of these crystalline regions can also take place by 
addition of chain segments from other molecules. However, the growth of these structures is 
impeded by the presence of entanglements and strained regions, which then constitute the 
amorphous phase.  
The “fringes” are the part of the chains which connect the crystalline region to the 
surrounding amorphous regions. The crystalline regions serve as physical cross-links. 
Initially, this model was adopted to explain some evidences of large crystalline 
superstructures present in such materials collected by light microscopy, called ‘spherulites’.40 
Nevertheless, such model could not entirely explain the growth of such spherically 
symmetrical structures.41 For instance, the birefringence measurements on these spherulites 
by light microscopy suggested that, for most systems, the polymer chains were more or less 
tangential in this spherical structure, so that they were subsequently abandoned in place of 
folded chain lamellar models. 
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Figure 1.6.Fringed micelle model (a) Model of crystallisation as might be visualized in a 
thermoreversible gel (Keller et al.41) (b) Hermannand Gerngross model36 for a semicrystalline 
polymer. Similar schematics illustrate the general molecular picture in fringed micellar 
crystallisation. 
 
The chain folded crystals model was first suggested by Storks42 in 1938.  
Thanks to electron diffraction results on cast films of gutta-percha, Storks revealed that the 
films contained microscopic crystals with the molecular axis almost normal to the plane of 
the film. The electron diffraction results proved that the crystal thickness was much lesser 
than the total length of the polymer chains, a recognition that led him to first propose a chain-
folded structure to explain the crystallisation in such systems. Schlesinger and Leeper43 
carried out similar experiments in 1953 on gutta-percha but using light microscopy and 
refractive index measurements. In 1957, Till44, Keller45, and Fischer46 independently 
observed the growth and identification of single crystals of polyethylene in a platelet-crystals 
called lamellae. Since these studies, lamellar crystal thickness was found to be around 10 nm 
whereas lateral dimensions grew up to several microns, leading again to the chain folding 
hypothesis. 
Recently, through investigation on polyethylene chain mobility via annealing but below its 
melting temperature, Rastogi et al.47, 48 found that in the regularly stacked polyethylene single 
crystals, wherever the overlapping of at least two lamellae arises, thickening occurs during 
annealing via a mutual chain rearrangement between the adjacent crystals. This leads 
(ultimately) to a quantum increase, i.e., doubling, of the lamellar thickness. These authors  
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proposed a model based on sliding motion along the chain axis to a doubling of the lamellar 
thickness. Similar observations in nylons were reported earlier by Keller et al. 
 
 
Figure 1.7.Model for doubling lamellar thickness (From Rastogi S., et al48), (a) regularly 
stacked lamellae (b) co-operative movement in adjacent lamella due caused by chain sliding 
in one lamella (c) chains getting mutually entangled at surface. 
The origin of this subject brings also in further crystallisation studies of polyethylene under 
hydrostatic pressure. First, Wunderlich49 and colleagues observed polyethylene crystallisation 
differed from the familiar plastic when crystallised above 3.3 Kbars. The results showed that 
the PE obtained was hard and brittle and of nearly 100% crystallinity. Morphologically, the 
samples had a highly stratified structure with chains perpendicular to the stratification. It was 
inferred from the scale of the stratification, which was about 0.1 to several microns, that the 
chains must be in an extended form. It was then an important finding by Bassett50 that PE 
exists in a hexagonal crystal phase (as opposed to the conventional orthorhombic at 
atmospheric pressure).This hexagonal phase is highly mobile which facilitates refolding to 
longer fold lengths and ultimately to full chain extension, the origin of the "extended chain 
type" texture observed in crystallisation under pressure.  
Rastogi51 et al, observed that PE crystals transform from the stable orthorhombic phase to 
transient hexagonal phase. The occurrence of transient hexagonal phase is dependent on the 
polymer crystal size, smaller crystals transform into the transient hexagonal phase at 
temperatures and pressures much below the thermodynamic critical point Q
o 
. 
Crystallisation of long-chain flexible molecules of sufficient structural regularity is widely 
observed under quiescent conditions for a large number of macromolecules. 
In the case of isotactic polypropylene, as discovered for instance by Masamichi Hikosaka et 
al.52, there are several factors affecting the crystallisation of iPP such as molecular weight and 
 13
its distribution, isotacticity, and the crystallisation temperature. The authors found that 
lamellar thickening, either via isothermal crystallisation or annealing, plays an important role 
in the final structure and morphology of these crystalline polymers. The melting temperature 
(Tm) of iPP increases significantly with increase of both Tc and crystallisation time t. Figure 
1.8 (a-f) shows optical micrographs of the iPP’ s spherulites at different crystallisation 
temperature, in which the final spherulitic size increases with both crystallisation time and 
crystallisation temperature. Annealing at high temperature subsequent to lower temperature 
crystallisation shows a faster lamellar thickening rate than crystallisation alone does at the 
annealing temperature (Figure 1.9). 
 
Figure 1.8.Optical micrographs of the iPP crystallized after full solidification at various 
temperatures for different times: (a)145.0 °C for 48 h, (b) 150.0 °C for 101 h, (c) 155.0 °C for 
216 h, (d) 157.0 °C for 14 days, (e) 160.0 °C for 28 days, and (f) 166.0 °C for 180 days. The 
scale bar indicates 0.2 mm (adopted from the ref.52). 
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Figure 1.9.Slope of Tm-log t line versus crystallisation temperature Tc.52 
 
According to Lotz et al.53 crystallisation behaviour of polymers, in quiescent and non-
isothermal conditions, is affected by the previous thermal history imposed on the polymer 
before crystallisation. 
In particular, Lotz and co-workers explained that polymer crystallisation is influenced by a 
specific temperature range in which the polymer is melted before being crystallised (melt-
memory effect) as occurred in a classical experiment of self-nucleation.54 
Studies conducted by the authors on the α crystal phase formation of iPP, by means of 
differential scanning calorimetry (DSC) and optical microscopy investigations (reported in 
Figures 1.10 and 1.11), have shown that when the iPP is partially melted at various 
temperatures called self-seeding temperatures (Ts) chosen in a narrow range of only 4°C 
located  below and near the nominal melting polymer temperature (Tm) (see Domain II of 
Figure 1.10), upon subsequent cooling the number of the polymer nuclei increase and as a 
consequence Tc shifts by 25°C. These findings show also an interesting procedure to reach 
the maximum crystallisation temperature achievable when the polymer is nucleated ideally 
by itself (self-nucleation), which means without aiding of any foreign additive. The optical 
micrographs, as reported in Figure 1.11, display a prominent morphology “memory effect” 
whereby a phantom pattern of the initial spherulite morphology is maintained. 
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Figure 1.10.Melting endotherm of iPP and indication of the partial melting range used in self-
nucleation experiments. Note the limits of domain II, with the higher limit TS1, 
characteristically located at the upper foot of the melting curve. Domains I, II, and III refer 
to complete melting, self-nucleation, and incomplete melting (annealing), respectively.53 
 
 
 16
Figure 1.11.Optical micrographs of samples crystallised at different Ts (indicated). Note 
sharp reduction of average spherulite diameter in (a) (“standard state”) to (c) and onset of a 
“memory effect” from Ts = 168°C down (d to f ).53 
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          Chapter 2 
Flow-induced crystallisation 
2.1 The concept of coil-stretch transition 
The process can be described as stretching of polymer chains into a fibrous crystal. 
Under define flow conditions entangled polymer chain in the melt can be stretched with the 
application of external stress, inducing molecular orientation. With the removal of stress the 
oriented structure tend to relax back into random coil conformation. The relaxation process is 
entropy driven where the constraints are provided by the entanglements.  
During flow, molecular orientation occurs and lowers the entropy of the amorphous melt. 
Hence, thermodynamically, it increases the opportunity of crystal formation by increasing the 
melting point, on the other hand, kinetically, decreasing in the entropy implies decreasing of 
free-energy barrier involving in an overall improvement of polymer crystallisation kinetics. 
55-58
 
In the 1970s, great efforts were devoted to elucidate the development of the shish kebab 
morphology under elongational flow from dilute polymer solutions.59-63 
Shear flow was often considered a “weak” flow, incapable of providing sufficient extension 
of polymer chains to induce fibrillar (shish) formation at different stages of the process.  
Keller et al.63 provided the experimental evidence for the role of coil–stretch transition in 
polymer crystallisation in dilute solutions under elongational flow.  
They demonstrated that when the strain rate was increased beyond a critical strain rate, an 
abrupt change in birefringence appeared, indicative of the fully extended chain conformation. 
The results led to Keller’s molecular model of shish-kebabs. 63 
He hypothesized that the fully extended chains formed shish and the random coils formed 
kebabs at a later time. 
Keller inferred that the coil–stretch transition should also exist in entangled polymer melts63 
because the actual observed flow-induced morphologies in pure melts were very similar to 
those observed in dilute solutions. 
The model was readily accepted by the scientific community over the last several decades, 
and it became a ‘standard’ for crystallisation of entangled melts under all types of flow 
situations, such as elongational, shear or mixed flow.  
In addition, Keller’s experiments indicated that, at a given temperature, the critical strain rate 
(dεc/dt) is a function of molecular weight, i.e. for a monodisperse polymer system, (dεc/dt) 
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scales with MK(-1.5) 63. Simply, at a fixed strain rate, only chains longer than a critical chain 
length can be stretched. The coil–stretch transition thus has two-fold criticality: (1) For a 
given M there is a critical (dεc/dt), and (2) for a given (dεc/dt) there is a critical M (Figure 
2.0). 
According to de Gennes who has dealt with chain dynamics in dilute solutions under different 
types of flow theory 64 the chain exhibited a fast coil–stretch transition, i.e. random coil to an 
extended-chain conformation, at a critical strain rate (dε/dt) without an intermediate stable 
chain conformation (Figure 2.1). 
 
 
 
 
Figure 2.0.Schematic plot of a molecular weight distribution showing two-fold criticality of 
coil–stretch transition.63 
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Figure 2.1.Sketch of classic de Gennes coil–stretch transition curve for polymers in dilute 
solutions under elongational flow.64 
2.2 Shish-kebab structure 
Historically, Mitsuhashi65 was probably the first to report the formation of fibrous ‘string-
like’ polyethylene structures upon stirring. Later in 1965, Pennings et al.66 showed results of 
flow-induced polyethylene crystalline structure obtained by means of electronic microscopy. 
The published electronic micrographs by the authors highlighted a new type of polymer 
crystallite consisting of two components: A central core fibril (shish) and lamellae (kebabs) 
strung along the core, and hence called ‘shish kebabs’.67 Shish were highly stable to the point 
that they can be superheated; their melting temperature was found to be 15–20 °C higher than 
polyethylene spherulites.66 
Therefore, it was believed that the backbone or shish of these crystallites was formed by 
crystallisation of fully extended chains. The kebabs were believed to be folded-chain lamellar 
structures. The direction of growth of the kebabs was normal to the shish. The chain 
alignment in the kebabs was believed to be parallel to the shish. 
Subsequently, studies provided evidence of shish-kebab formation in elongational flow as 
well.67  
However, it is now well-established that these structures occur also in shear or mixed flow 
conditions.68 The only requirement is that the velocity gradient parallel to the chain-axis 
should be sufficiently strong, above a certain critical deformation rate. 
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The macroscopic view of the overall crystallisation and the shish-kebab morphology in flow 
suggested that this texture was initiated by lines of nuclei aligned parallel to the flow 
direction and continued growth of lamellar crystals in a direction transverse to the flow 
direction.67, 69 
The proposed model for shish-kebab morphology is presented in Figure 2.2. This model 
suggests how molecular organisation of polymer chains would occur when stress is imposed 
to these chains. According to whether the stress is low or high,67at first, elongation of the 
longer chains gives rise to the so-called shish structure formed by bundle of stretched chains 
that act as nucleating templates for the surrounding coiled chains which crystallise as folded-
chain lamellae afterwards. In the case of PE, the lamellae could twist as they do in spherulites 
or all be straight and parallel (lamellae chain segments parallel to the flow direction), 
depending on the magnitude of stress. 
 
 
 
Figure 2.2.Schematic model of microstructure of shish-kebab structure in polyethylene.67,69 
Pennings et al. suggested the following mechanism for nucleation and growth of shish.66, 70 
When a molecule sticks on the lateral surface of a micellar nucleus, it will be extended by the 
flow field and settle on the existing nucleus, leading to its longitudinal growth. The growth 
process requires winding-up of adsorbed molecules by the flow field onto the growing shish 
crystal. Thus, a flow field was thought to be a necessary condition for the nucleation as well 
as the growth of shish. 
In 1979, Hoffman71 explained the formation of shish crystals in quite a different way, i.e. via 
multiple nucleation events. In his argument, the alignment of long molecules in flow field 
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could result in the formation of aligned micellar nuclei, which interlinked by taut tie 
molecules such that one macromolecule may belong to several nuclei. 
Petermann et al.72,73 proposed another model for the nucleation and growth of shish. 
Accordingly, while the external flow field is necessary for the formation of aligned micellar 
nuclei; its growth can be an auto-catalytic process in which the difference in free energy 
between the micellar nucleus and the surrounding melt induces self-orientation of the 
molecules in the growth front of crystallisation. 
Petermann et al. concluded that the longitudinal growth of shish does not necessarily need an 
external flow field; a view different from that proposed by Pennings. 
 
2.3 Flow-induced crystallisation precursors 
For many years nucleation and growth as a stepwise process has dominated discussions about 
polymer crystallisation under quiescent conditions.74 
In contrast to this view a multistage process75 has been recently proposed. 
These ideas have in common that crystallisation of polymers is preceded by ordered 
precursors. In the case of shear-induced crystallisation so-called shish-kebab structures 
occur, in which oriented molecules serve as precursor of primary nucleation and form the 
shish76,77. 
Further knowledge about the mechanism of the early stages of shear-induced crystallisation is 
of great importance not only for our fundamental understanding of polymer crystallisation, 
but also for the industrial processing of polymers78. 
It is known that polymer melts, under the influence of a shear field (rate and total strain), 
exhibit an increased rate of crystallisation and a different morphology, when compared with 
the quiescent melts 67, 68, 79-89. 
For instance, in accordance with Grizzuti et al.90 that have pointed out the importance of 
degree of undercooling on flow induced crystallisation (FIC) in polymer melts, the 
temperature and temperature rate can reduce the induction time of polymer crystallisation. 
They have been investigating the crystallisation induction time under isothermal, steady shear 
flow conditions, of two thermoplastic polymers such as an isotactic polypropylene and 
isotactic poly(1-butene) by rheological experiments. 
It was found that as temperature decreases, the corresponding increase in chain orientation at 
a given shear rate leads to an absolutely faster crystallisation, see Figure 2.3. 
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                                               (a)                                                    (b) 
Figure 2.3. (a) The induction time of PB200 as a function of shear rate. (●) Tc =98 8°C; (○) Tc 
=105 8°C. (b).The induction time of i PPT30G as a function of shear rate. (■)Tc =140 8°C; 
(□) Tc =160.8°C.90 
U. Go¨schel and co-workers91, have investigated the crystallisation in isotactic polypropylene 
melts during contraction flow, using time-resolved synchrotron WAXD approach. They 
analysed the development of crystal growth and crystalline orientation during and subsequent 
to contraction melt flow at high temperatures (159 to172°C). They sustained that depending 
on the flow rates mainly two different crystalline orientations can be seen. At low flow rate 
dγ/dt = 9.1s-1 of 159°C and 161°C causes intensive meridian (110) and equatorial (040) 
reflections during flow (9s-1, 40s), which can be described as lamellar branching via 
homoepitaxy. Whereas with increasing flow rate up to dγ/dt = 127.1s-1 equatorial reflections 
(hk0) become dominant indicating a preferential orientation of c-axis in flow direction.  
Figure 2.4 depicts the experimental condition whereas in Figure 2.5 main results are 
summarised. 
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Figure 2.4.Thermal conditions during flow experiment.91 
 
 
 
 
            
                                         a                                                   b 
Figure 2.5. (a) 2D WAXD pattern of iPP during flow at 159°C, t = 134 s and at low flow rate 
dγ/dt = 9.1 s-1. (b) 2D WAXD pattern of iPP subsequent to flow at 159°C and a high flow rate 
dγ/dt = 127.1 s-1. The flow direction is vertical.91 
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Somani and co-workers92, have carried out many experiments by making use of rheo-SAXS 
and rheo-WAXD to study the development of precursor structures at early stages of shear-
induced crystallisation of isotactic polypropylene. What follows is a brief summary of their 
findings. 
To investigate any shear-induced precursor structure into the melt, iPP sample was sheared at 
165°C, near its nominal melting point. Upon the cessation of shear, their SAXS patterns show 
an oriented structure developed in hundreds of angstroms while WAXD patterns do not 
exhibit any crystal reflections  
The combined SAXS and WAXD approach indicate that at early stage of crystallisation 
process, a network was formed. This structure contains primary nuclei (shish entity) which 
can induce crystalline lamellae (kebabs) oriented perpendicular to the flow direction. Thus 
according to them, flow induced nucleation is a homogeneous nucleation process in which 
nucleation starts from a single phase (polymer melt). Moreover, they stated that initial nuclei 
landscape is the key to manipulate the final morphology of polymers. 
Figures 2.6 and 2.7 below show their results while Figure 2.8 indicates a crystallisation 
model proposed by them. 
 
Figure 2.6.2D SAXS patterns of iPP melt before and at selected times after shear (shear rate 
= 60 s -1, ts =0.25 s, T= 165 °C).92 
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Figure 2.7.2D SAXS patterns of iPP melt before and at selected times after shear (shear rate 
= 60 s-1, ts = 5 s, T =165 °C).92 
 
Figure 2.8.Schematic representation of flow-induced precursor structures at different stages: 
(A) before shear, (B) formation of precursor structures containing linear nuclei (shish), (C) 
formation of shish-kebab morphology through secondary nucleation from the primary 
nuclei.92 
Agarwal et al.93, have studied shear-induced crystallisation in novel long chain branched 
polypropylenes by in situ rheo-WAXD and rheo-SAXS. In these polypropylenes, long chain 
branching (LCB) was introduced in situ via polymerisation of propylene and a diene 
monomer using the metallocene catalyst technology. 
They found that mechanical properties such as flexural module and tensile yield strength can 
be enhanced by adding LCB into the polymer. As determined by gel permeation 
chromatography LCB-iPP polymers had a significant population of highly branched chains in 
the high molecular weight component of the molecular weight distribution. 
Dynamic viscoelastic properties showed that the increase in the degree of LCB caused a 
broadening of the melt relaxation spectrum, especially in the longest relaxation time regime. 
This meant its molecular architecture had a positive effect on the nature of orientation-
induced crystallisation precursor structures and crystallisation kinetics in flow, as reported in 
the Figures 2.9 and 2.10.  
In fact, their results showed that upon application of a step shear (rate = 60 s-1, ts = 0.25 s, T 
=140 °C), the oriented crystal fraction was substantially higher in the LCB-iPP polymers 
compared to the linear iPP polymer. 
Furthermore, they pointed out how the crystallisation kinetic was enhanced by more than an 
order of magnitude when compared to linear iPP polymer under shear. As a matter of fact the 
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shear-induced crystallisation rate of the LCB-iPP polymers was analyzed by an Avrami 
model in which the value of Avrami exponent, n, ranged from 1.8 to 2.8 indicating a rod or 
disk-like crystal growth geometry. 
 
Table 2.1. Composition, Thermal Properties, and Molecular Weights of the LCB-iPP Polymersa 
 
 
Table 2.2. Mechanical Properties of the LCB-iPP Polymers 
 
 
 
 
Figure 2.9.Comparison of 2D SAXS patterns of the four LCBiPP polymers 30 min after shear 
(shear rate =60 s-1, ts = 0.25 s, T = 140 °C).93 
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Figure 2.10.Comparison of the time evolution of SAXS intensity due to oriented crystals 
(Ioriented) after shear (shear rate = 60 s-1, ts = 0.25 s, T = 140 °C) for the LCB-iPP polymers.93 
 
Recently, B.Hsiao et al.94, have been examining the effect of deformation rate and strain on 
shear-induced crystallisation in isotactic polypropylene. They gained that the degree of 
crystal orientation (Herman’s orientation function, f)95 observed at 165 °C and fraction of 
oriented crystals (Xo) observed in a fully crystallised sample at room temperature increased 
with both shear rate and shear duration. Thus, at a constant strain (rate x duration), short-
duration shear at a high rate was found to be more effective (i.e., higher f and Xo) than long-
duration shear at a low rate. 
Characteristic dimensions of the shish kebab entity formed in a sheared iPP melt at 165 °C 
were determined from the rheo-SAXS data. It was found that the average shish length was 
700-750 nm and the average spacing between adjacent kebabs was 60-70 nm. 
Martins and co-workers96, have probed to provide insight into the formation of shear-induced 
precursor structures, three apparently unrelated subjects which were analysed and discussed: 
the saturation of crystallisation from sheared polymer melts, evaluated with a new shear DTA 
instrument, the steady state in steady shear, and the entanglement-disentanglement transition.  
This work has provided information on the magnitude of strains needed in sheared melts for 
reaching steady state and their temperature dependence. It was shown that cooling a sheared 
melt from this state saturates the crystallisation. According to them, the steady state is 
reached after a transition in which around 2/3 of the entanglements are destroyed, thus is not 
a disentangled state. These results, presented in Figure 2.11, demonstrated that forced flow at 
high temperatures does not lead to a re-melting of precursors97 and that the lifetime of shear-
induced precursors, at steady state, is much longer than that estimated previously 98. 
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Figure 2.11.Isothermal crystallisation of iPP recorded with the shear DTA. Nominally 
isothermal crystallisation at 125 °C after shearing the melt at 220 °C with (a) constant 
shearing time (60s), (b) constant shear rate, solid lines are for quiescent crystallisation, (c) 
saturation of crystallisation at 125 °C for different shearing melt temperatures, (d) saturation 
of crystallisation at different crystallisation temperatures and the melt temperature of 240 °C 
for constant shearing time of 60 s and the shear rates indicated.96  
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2.4 Role of nucleating agents on crystallisation of iPP 
Polymer crystallisation is a phase transition that involves two successive steps: nucleation 
and crystal growth. The nucleation can be homogeneous or heterogeneous. Two 
fundamentally different procedures have been devised to enhance the nucleation density.99 
The first procedure, self-seeding53, takes advantage of the intrinsic polydispersity of 
polymers. Upon partial melting, remainder of crystals are used as seeds or nuclei for crystal 
growth on subsequent cooling. 
The second procedure, induced by heterogeneous nucleation, is obtained on addition of 
foreign substance having good epitaxial matching with the substrate, and known as 
nucleating agents (NA).  
NAs have been known since the middle of the last century100,101. The conventional NAs 
belong to four main groups: salts of aromatic or aliphatic acids, aromatic pigments, 
hydrazones from aromatic aldehydes and phylosilicate. 
These nucleators act via physical nucleation process with an epitaxial mechanism that is 
governed by geometrical matching between the polymer and the NA in the contact plane.102 
 
2.4.1 Organogelators 
Gelators are relatively low molecular weight molecules that are capable of forming an 
organogel in low concentration (typically <2 wt%), when added to an organic liquid or 
polymer melt99. 
Organogelators are amphiphilic molecules exhibiting fibrillar structures in organic solvents. 
Their lipophilic moiety is solubilized in the organic solvent, and the polar one is capable of 
relatively strong bonding (by hydrogen or ionic bonds) which is essential for the formation of 
complex, stable, three-dimensional gel networks 99. 
Some organogelators can also act as nucleators and ‘‘clarifiers’’ in polymer matrices. 
Sorbitol-based nucleators provide significant improvement over conventional nucleating 
agents in both NE and clarity 103,104.  
Sorbitol derivatives such as 1,3:2,4-dibenzylidenesorbitol (DBS, Millad 3905, Milliken 
Chemical and Irgaclear D, Ciba Speciality Chemicals), 1,3:2,4-bis(pmethylbenzylidene)-
sorbitol (MDBS, Millad 3940, Milliken Chemical and Irgaclear DM, Ciba Speciality 
Chemicals), 1,3:2,4-bis(p-ethylbenzylidene)-sorbitol (EDBS, NC-4, Mitsui Chemical), and 
bis(3,4-dimethylbenzylidene)-sorbitol (DMDBS, Millad 3988, Milliken Chemical) belong to 
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a group of remarkably efficient nucleating agents for the α-crystal form of isotactic 
polypropylene (iPP)105.  
Kristiansen et al.106, have studied the phase behaviour of the binary system iPP/ bis(3,4-
dimethylbenzylidene)-sorbitol by different techniques such as rheology, DSC and optical 
microscopy. The entire concentration range of the polymer system has been investigated by 
the authors. What follows is a brief description of findings by these authors. 
Firstly, they discovered that on addition of small amounts of DMDBS (0.2 wt %) to iPP, a 
high clarity of the resulting polymer product may be achieved, which is caused principally, 
on molecular level, by a reduction of the polymer spherulite size due to a dramatic increase in 
the density of nuclei provided by the additive. 
In addition, they showed how the clarity effect is realised only in a range of 0.2 to 1 wt% of 
DMDBS whereas a loss of clarity was observed for sample containing concentration of the 
additive exceeding 1wt% (Figure 2.12). 
 
 
Figure 2.12.Optical properties of isotactic polypropylene (iPP)/1,3:2,4-bis(3,4-
dimethyldibenzylidene) sorbitol (DMDBS) for different compositions.106  
Kristiansen et al.106 have also conducted detailed quiescent crystallisation studies of iPP in 
presence of different DMDBS concentrations in the polymer. The main results showed that at 
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very low concentrations, as low as 0.1 wt % of DMDBS, the crystallisation (peak) 
temperature of iPP decreases slightly from 113 °C  (crystallisation temperature observed for 
the neat polymer) to 110 °C. For iPP/DMDBS mixtures containing between 0.1 and 1 wt % 
of DMDBS the peak crystallisation temperature of iPP rises significantly from 110 to around 
129 °C as a function of the nucleating agent content and remained constant at higher DMDBS 
contents. A detailed overview of the crystallisation peak temperatures of low-DMDBS-
content mixtures is presented in Figure 2.12.  
Three different regimes can be distinguished. In regime I, DMDBS do not act as a nucleating/ 
clarifying agent for the polymer because the crystallisation temperature is almost invariant. In 
the very narrow regime II instead, the presence of the additive commences to influence and 
increase the peak crystallisation temperature of iPP until it reaches a maximum value of about 
130 °C and remained constant in regime III. 
 
 
Figure 2.12.Peak crystallisation temperatures vs DMDBS concentration (from DSC data).106 
By using various experimental techniques a phase diagram was proposed (Figure 2.13). 
The figure shows general features typical of a simple binary monotectic, which commonly is 
found for mixtures of two species of limited liquid miscibility and a high immiscibility in the 
solid state. Moreover, various liquidus curves, the monotectic and eutectic temperatures along 
with an explanation on the structure and properties of the resulting solids were proposed.  
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Figure 2.13.Proposed schematic, monotectic phase diagram of the binary system 
iPP/DMDBS.106 
Synergistic gelation of solution of iPP and DMDBS was analysed by Smith and co-
workers107. To solve the problem of slow gelation/crystallisation of iPP, they explored the 
potential advantage of adding the nucleating agent 1,3:2,4-bis(3,4-dimethyldibenzylidene) 
sorbitol to polymer in decalin. In fact, sorbitol derivates like DMDBS are known to gel a 
variety of organic liquids, including tetrahydrofuran, benzene, chlorinated solvents, 
cyclohexan, o-nitrophenyloctyl ether and propylene carbonate as well as silicone fluids.107  
Therefore, exploring the gel-processing /drawing of iPP they found that cooling to room 
temperature a solution comprising 3.0wt% and as little as 0.0075wt% DMDBS resulted in the 
fast formation of highly ductile gels compare to the solution without DMDBS (iPP/decalin) 
from which “mud-cracked” brittle polymer films were obtained. The chemical structure of 
the nucleating agent DMDBS is reported in Figure 2.14. 
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Figure 2.14.1,3:2,4-bis(3,4-dimethyldibenzylidene) sorbitol DMDBS. 
 
Lipp et al.108, have also investigated the influence of DMDBS into the melt of polypropylene 
and after its crystallisation. They studied the kinetics solidification process of the DMDBS 
within the iPP melt and the ensuing nanofibrillar DMDBS structure by in situ small-angle X-
ray scattering (SAXS) analysis combined with electron microscopy study. The results 
indicate a nucleation and growth mechanism, controlled by the rate of nucleation. 
DMDBS is a butterfly shaped molecule in which the “wings” are hydrophobic and the “body” 
is hydrophilic, capable of multiple hydrogen bonding. 
The authors assumed, either by direct measurement or by modelling that in the two hydroxyl 
groups, the pendant one will hydrogen bond intramolecularly with the closest oxygen, while 
the terminal one will be responsible for the intermolecular hydrogen bonding.  
Although the hydrogen bonding plays major role in the network, pi -interactions between the 
phenyl groups of the same chirality exist in the network and play a role in its formation. It has 
been shown that the resulting fibrils have a helical geometry with a diameter that varies from 
about 10 nm to over 100 nm, depending on the gel formation conditions. It should be noted 
that the ability of the sorbitol derivative to self-associate into a nanofibrillar structure is 
strongly dependent on its concentration and usually reaches an optimum below 1 wt %.  
They demonstrated during heating–cooling cycles by means of rheology approach that the 
nanofibrillar network formation influences the melt viscosity of iPP, with significant 
hysteresis phenomenon occurring during these cycles and depending on the concentration of 
DMDBS present in the polymer. This latter proved a thermo-reversible formation of the 
DMDBS network within the iPP melt. These results are shown in Figures 2.15 and 2.16. 
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Figure 2.15.DSC (left) and rheology (right) data of (a) neat iPP and (b) iPP with 0.4wt% 
DMDBS. Solid line represents heating run; dashed line shows transitions during cooling 
run.
108 
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Figure 2.16.TEM micrographs of iPP with 0.4wt% of DMDBS. Black arrows indicate small 
fibrils and white arrows indicate large fibrils.108 
Recently, Blomenhofer et al.109,110, synthesised a new family of organic compounds, 
substituted 1,3,5-benzenetrisamides, that depending on subtle details of their chemical 
structures are capable of selectively and extremely efficiently nucleating the growth of the 
common α-crystal modification of the major industrial polymer isotactic polypropylene, 
rendering this normally turbid material highly transparent (“clarified”) at exceedingly low 
concentrations.  
In addition, these trisamide-based compounds exhibit excellent thermal stability and do not 
feature absorption of visible light, adding to a most favourable set of characteristics that 
provide marked benefits over the presently employed nucleating/clarifying agents. 
The generic structure A-(X-R)3 was designed by them to comprise three functional moieties:  
(1) a (generally symmetrically substituted) central core, A, here benzene; (2) moieties capable 
of forming hydrogen bonds, X, here amides, which promoted predominantly one-dimensional 
crystal growth of the compounds and, therewith, provided a high surface/volume ratio; (3) a 
peripheral group, R, here apolar substituents, the selection of which permits subtle 
manipulation of the crystallographic order of the species to advantageously induce the 
formation of one or more crystal modifications of iPP, and simultaneously serve to enable 
dissolution of the (semipolar) compounds in the molten, hydrophobic polymer. The chemical 
structure of a limited selection of these compounds produced is presented in Figure 2.17. 
 
 
Figure 2.17.Chemical Structures of Substituted 1,3,5-Benzenetrisamides.109,110 
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The phase behaviour of the binary system consisting of isotactic polypropylene (iPP) and 
N,N′,N″-tris-isopentyl-1,3,5-benzenetricarboxamide (1), a selected member of a class of 
novel, versatile ‘designer’ nucleating/clarifying agents109,110, was investigated over the entire 
additive concentration range by means of differential scanning calorimetry (DSC) and optical 
microscopy by Kristiansen and co-workers111. 
Diagrams were constructed from data obtained in melting and crystallisation studies, and a 
simple monotectic is advanced, very similar to the previously studied binary system i-
PP/1,3:2,4-bis(3,4-dimethylbenzylidene) sorbitol (DMDBS). These experimental results are 
presented in Figure 2.18. In contrast to the latter, the crystallisation temperature in the present 
system iPP/1 was found to increase to 120°C already at the lowest additive concentration 
employed and remained constant at further increasing additive concentration. Liquid–liquid 
phase separation was observed at elevated temperatures for iPP/1 mixtures comprising more 
than 2 wt% of 1. A study on the optical properties of the iPP/1 system revealed that the 
values for haze and clarity of injection-moulded plaques progressively decreased and 
increased, respectively, in the concentration range up to 0.15 wt%. An intermediate region of 
fairly concentration-independent optical properties was found between 0.15 and 1 wt%, 
followed by a rapid increase in haze at concentrations exceeding 2 wt%, as shown in Figure 
2.19. 
  
Figure 2.18.Temperature/composition diagrams for the (pseudo-)binary system i-PP/1 
obtained in cooling (left) and heating (right) experiments. Symbols refer to data for different 
transitions: crystallisation and dissolution/melting (∆,▲) and solid-state transition of 1 (●), 
crystallisation or melting of the polymer and eutectic (■) and clearing point (☆), respectively. 
Open symbols denote experimental data obtained from optical microscopy and solid symbols 
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refer data obtained by thermal analysis. The denotation L refers to liquid and S to solid; 
subscripts ‘a1’ and ‘a2’ refer to the two solid state structures of additive 1, and ‘p’ to i-PP.111 
 
 
 
Figure 2.19.Dependence of haze (▲) and clarity (□) on additive concentration for injection-
molded i-PP/1 plaques of 1.1 mm thickness.111 
2.4.2 Metal salts of substituted aromatic heterocyclic phosphate 
Metal salts of substituted aromatic heterocyclic phosphate were found to be very promising 
nucleators for PP matrices112. In particular, sodium 2,2’-methylene-bis-(4,6-dit-
butylphenylene)phosphate (NA-11) is a powerful nucleating agent widely used in the 
processing of iPP. To reveal its nucleation mechanism, the crystallisation behaviour of NA-
11 on iPP was investigated by Yoshimoto et al.113  
NA-11 was crystallised on the oriented, thin iPP film from the solution in dimethylformamide 
at various temperatures. iPP was also crystallized from the melt on NA-11 crystals grown 
from ethanol. Highly drawn iPP was put on NA-11 crystals grown from alcohol and was 
annealed in the temperature range of 170–176°C. The samples were examined by electron 
microscopy. 
As an example, an electron micrograph (EM) and the corresponding electron diffraction (ED) 
pattern are shown in Figure 2.20. It can be seen that rod-like NA-11 crystals were grown 
aligning their long side parallel and diffraction spots of iPP are indexed with the α-form. 
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From detailed crystallographic analysis, these investigators concluded that the following 
epitaxial crystallisation takes place preferentially; [010]NA-11//[001]iPP and (001)NA-
11//(010)iPP. The crystallographic data of both crystals of NA-11 and the α-form of iPP are 
compared in Table 2. The c cell dimension of iPP is very close to the b cell dimension of NA-
11, and further the a cell dimension of NA-11 is about four times the a-value of iPP cell. It is 
found that lattice matching can be performed between two crystal lattices. In this orientation, 
the (001)Na-11 is in contact with the (010)iPP plane. NA-11 epitaxially crystallised on the 
iPP substrate at high temperatures, performing the crystallographic relationship [010]NA-11// 
[001]iPP and (001)NA-11//(010)iPP and iPP on the NA-11 crystals with the same 
orientational relationship. The molecular model of this epitaxial relationship is shown in 
Figure 2.21, which reveals that the pitch of the iPP helix is comparable to the interval of 
tertiary butyl groups arrayed in the direction parallel to the b-axis of NA-11 crystals. 
 
 
Figure 2.20.(a) EM of the specimen prepared as follows: NA-11 crystals were grown from 
alcohol, drawn iPP was put on the crystals and heated at 170–176 ºC. Shadowed with Pt–Pd. 
(b) Corresponding ED pattern.113 
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Table 2.3. Lattice parameters of iPP and NA-11 
 
 
 
 
Figure 2.21. Molecular fitting manner at the interface between iPP and NA-11.113 
Marco et al.114 studied the crystallisation behaviour of nucleated iPP/NA-11 systems by DSC 
under dynamic conditions; their corresponding exotherms are shown in Figure 2.22. 
Crystallisation temperatures increased as a function of nucleating agent concentration and 
showed strong dependence on the cooling rate. Changes in the crystallisation temperatures 
for different cooling rates are shown in Figure 2.23. For all cooling rates, crystallisation 
temperature increased compared to the value of non-nucleated iPP samples. It should be 
noted that the increase was spectacular for the lowest concentration of the additive (i.e. 
0.05%) and this trend continued, although at a lower rate for higher concentrations. 
At the highest concentration of NA-11 studied (0.5%), an increment of 21°C in the 
crystallisation temperature was observed, which corresponds to 71% nucleation efficiency 
(NE).  
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The reported value of nucleation efficiency is highest than any value reported for nucleating 
additives of iPP. 
 
 
 
Figure 2.22.Crystallisation exotherms of iPP/NA-11 cooled at 10°C/min for the indicated 
additive concentrations.114 
 
 
 
Figure 2.23.Variation of crystallisation temperatures with concentration of NA-11 at different 
cooling rates: (o) 1°C/min, (□) 5°C/min, (∆) 10°C/min.114 
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Effect of monovalent, bivalent, and trivalent 2,2’-methylenebis-( 4,6-di-tert-butylphenyl) 
phosphate metal salts on crystallisation behaviours of iPP was investigated by Zhang et al.115. 
These investigators demonstrated that monovalent metal salts of substituted aromatic 
heterocyclic phosphate such as sodium, lithium, and potassium salts (Figure 2.24) had good 
nucleating performance. 
With 0.2 wt% of sodium, lithium, or potassium salts incorporated into iPP, the crystallisation 
peak temperature of iPP could be increased by 13.5, 13.6, and 15.0°C, respectively. In 
addition, the mass fraction of crystallinity of iPP increased by about 5% and the 
crystallisation rate enhanced accordingly. Polarised optical micrographs of virgin iPP and 
nucleated iPP (Figure 2.25) with NA-11, NA-12, and NA-13 demonstrate that nucleators 
presence can decrease the spherulite size of iPP remarkably. It can be clearly observed that in 
virgin iPP nucleation rate is slow and the number of nuclei is very few, therefore the 
spherulite of iPP can become very large before it impinges another spherulite. In contrast, a 
large number of nuclei were formed in the presence of nucleating agents, and so the 
nucleation rate is very fast and the spherulite growth in it is heterogeneous nucleation, 
followed by diffusion-controlled growth. Consequently, the size of spherulites in nucleated 
iPP was smaller than those in virgin iPP. 
Moreover, the spherulite size of iPP/NA-11 was much smaller than that of iPP/NA-12 and 
iPP/NA-13, especially the spherulite of iPP/NA-13 was non uniform. These findings lead to 
conclude that, compared to the others metal salts NA-11 is the most effective nucleating 
agent. Morphological effect of the nucleators (decrease in the spherulite size) is reflected in 
mechanical properties of the material. According to the results, the tensile strength and 
flexural modulus of iPP could be increased by about 10 and 30%, respectively. However, the 
bivalent calcium salt (NA-20), magnesium salt (NA-12), zinc salt (NA-30), and trivalent 
aluminum salt (NA-13) of substituted aromatic heterocyclic phosphate had little effect on the 
properties of iPP. Such differences can be explained by lattice matching between the crystal 
lattices of the matrix and the additives. Probably, mismatching of crystal lattice between 
nucleating agents and iPP is responsible for the low nucleation efficiency of the bivalent and 
trivalent salts. 
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Figure 2.24.Structure of metal salts of substituted aromatic heterocyclic phosphate nucleating 
agents.115 
 
Figure 2.25.Polarized optical micrographs of iPP (a), iPP/NA-11 (b), iPP/NA-12 (c), and 
iPP/NA-13 (d) under isothermal crystallisation at 140°C.115 
2.4.3 β and γ phase nucleators for isotactic polypropylene 
Under regular crystallisation conditions, only a small quantity of β-phase forms a supplement 
of α-phase.112 A higher concentration of β-modification can be obtained via high 
crystallisation temperatures, high temperature gradients, rapid cooling of the melt to 130–
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135°C, and from melts exposed to shear stress. There are several substances that can act as 
specific β-nucleators.112 
Li et al.116 reported a series of calcium carboxylates, with different chemical structures and 
crystal forms, as nucleators for β-PP. The Ca-salt of suberic (Ca-sub) and pimelic acid (Ca-
pim) possess very high β-nucleating selectivity and efficiency. 
Recently, a comparative study on the influence of chemical structure and solubility of a series 
of low molecular weight 1,4-phenylene-bisamides on iPP crystallisation was conducted to 
explore their performance as nucleators.117  
The series consisted of three isomers of dicyclohexyl-substituted 1,4-phenylene-bisamide and 
three asymmetrically substituted cyclohexyl/n-alkyl-1,4-phenylene bisamides with different 
chain lengths (Figure 2.26). 
 
Figure 2.26.Chemical structures of the investigated additives: isomers of dicyclohexyl-
substituted 1,4-phenylene bisamides 1–3 and cyclohexyl/n-alkyl-substituted 1,4-phenylene 
bisamides with a variation of the length of the alkyl chain 4–6.117 
It was shown that the symmetrically substituted compounds exhibited the best β-NE. 
Moreover, the nucleation efficiency was substantially reduced in the presence of n-alkyl 
substituents. Wide angle X-ray diffraction (WAXD) experiments (Figure 2.27) revealed that 
the fraction of β-modification (k-value) in iPP crystallised with the presence of compound 2 
was 0.45, whereas in the sample containing compound 3 the β-phase content reached k-value 
of 0.92. 
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It turned out that compound 2, being asymmetric with respect to the orientation of the amide 
groups, was not a highly efficient β-nucleating agent in contrast to symmetric compound 3 
based on p-phenylenediamine which triggered the formation of the β-modification. 
 
Figure 2.27.WAXD patterns of injection molded iPP plaques (1.1mm thickness) comprising 
the dicyclohexyl-substituted 1,4-phenylene bisamides 2 (left) and 3 (right) at a concentration 
of 0.13 wt%.117 
The γ-phase is formed in iPP under special conditions.34,35 To date there is only one 
nucleating agent that increases the formation of γ-modification in PP/ethylene 
copolymer.118,119  
Libster et al.118,119 investigated the performance of a bicycloheptane dicarboxylate salt, 
commercially known as HPN-68, which is one of the most recent innovations in PP 
nucleation technology. It is worth to mention that, in these publications, the authors studied 
samples of PP as copolymer, where formation of the γ-phase is also known to be attributed to 
the role of the co-monomeric unit (amount of ethylene in this case) present in the polymer 
chain of the iPP.34,35 
HPN-68, if properly dispersed, it supplies the fastest known PP crystallisation rates at very 
low concentrations (200–600 ppm), while enhancing the modulus of articles produced. 
However, HPN-68 showed unexpectedly low nucleation efficiency (only 42%) when 
introduced directly as powder at 300 and 600ppm to PP/ethylene copolymer. Introduction of 
HPN-68 at lower concentrations generated inconsistent results in the matrix crystallisation 
temperature due to improper dispersion ability. 
Therefore, the authors118,119 have proposed a novel dispersion method that enables increase in 
the PP crystallisation rate through the introduction of nucleating agent HPN-68, using 
microemulsion technology as transport vehicle. Their experiments showed a dramatic 
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improvement of 24% (from 42 to 66%) in the NE of HPN-68, using the microemulsion 
technology. 
WAXS analysis was performed by them to relate the crystalline structure of the polymer to 
the nucleating agent impact. WAXS patterns are presented in Figure 2.28. 
All three patterns show characteristic peaks of α-crystal modification: 13.98 (110), 16.78 
(040), 18.58 (130), 21.08 (111), 21.78 [(041) and (-131)], 25.258 (060), 28.68 (220), and γ 
modification19.98 (130). 
According to the characteristic γ-peak (130), γ-crystal modification was identified in the 
copolymer. It is evident from the WAXS profiles, that the α-modification is present together 
with the γ-modification. An increase in the peak intensity of the γ-form crystalline reflection 
can be observed in nucleated, compared with non-nucleated, PP profiles. A value of about 
6% γ-form in non-nucleated PP, an increase of 44% γ-form in PP nucleated via HPN-68 
powder, and 49% γ-form in PP nucleated via microemulsion technology, were obtained. It 
can be assumed that  HPN-68 is a γ-nucleator resulting in polymorphic behaviour with 
sufficient increase in the γ-modification. 
 
 
Figure 2.28.WAXS patterns for pure PP (the lower curve), PP nucleated with 600 ppm HPN-
68 via powder (the middle curve), and PP nucleated with 250 ppm HPN-68 via 
microemulsion technology (the upper curve). Note an increase in the peak intensity of the γ-
form crystalline reflection in nucleated PP profiles, compared with non-nucleated one.118 
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2.5 The role of nucleating agents on flow-induced crystallisation of iPP 
In an injection moulding of semicrystalline polymers, molten polymers are exposed to 
varying levels of shear flow field and temperature gradient prior to the crystallisation. The 
resulting morphology is thus quite different from the one observed under the quiescent 
condition. Typically, multiple layers or a skin-core structure120 of semicrystalline polymers 
can form during the injection moulding.  
In particular, a “shish-kebab” structure, a special kind of polymer morphology, can form in 
the shear zone under certain moulding conditions.67 
Although the morphology of injection-moulded semicrystalline polymers has been widely 
studied, much experimental work has been mainly devoted to the effects of processing 
conditions of shear flow, such as temperature, deformation strain, and deformation rate, on 
the resulting morphology. 
Among industrial applications, on the other hand, it is not uncommon that suitable nucleating 
agents are added into polymers during the operation of injection moulding. 
 
 
 
Figure 2.29.Schematic diagram of branched shish-kebab structure.121 
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Some authors as Peng-wei Zhu et al.121, have been investigating on the influence of sodium 
benzoate (SB) on the morphologies and morphological distributions of injection-molded iPP. 
In particular, the morphological development of sheared isotactic polypropylene (iPP) 
containing different amounts of sodium benzoate (SB) has been investigated using wide- and 
small-angle X-ray scattering techniques. A sketch of the morphology architecture is shown in 
figure 2.29. 
In their first results, obtained by DSC experiments reported in figure 2.30, they showed the 
crystallisation temperature, Tc, from the minimum of exothermic crystallisation peak is about 
110 °C for iPP-0.0 and how the addition of only 0.1% SB into iPP leads to a marked shift of 
crystallisation peak toward a higher temperature, Tc = 116 °C.  
The crystallisation temperature Tc increases with a further increase in SB, and no saturation in 
Tc was observed in the range of SB concentration studied by them. 
The DSC results indicated that the supercooling ∆T = (Tm0 - Tc) of shear-induced 
crystallisation decreases with increasing SB, where Tm0 is an equilibrium melting 
temperature. 
 
Figure 2.30.DSC scans in a cooling for samples containing different concentrations of SB. 
The inset is a plot of crystallisation temperature as a function of concentration of SB.121 
As resulted from their 1D WAXD profile obtained from circularly integrated intensities of 
2D-WAXD patterns a number of features about the changes in the crystals are evident. With 
an increase in SB, the crystallinity of α-form crystals increases, while the crystallinity of β-
form crystals decreases. This is due to the fact that the SB is capable of selectively nucleating 
the crystals in α-form. The results are reported in figure 2.31. 
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Figure 2.31.Plots of WAXD intensity as a function of 2θ for (a) iPP-0.0 and (b) iPP-1.2. The 
number of each trace indicates the distance from the surface of injection-molded plate.121 
In addition, to the distribution of azimuthal SAXS patterns presented in Figure 2.32, which 
represent SAXS data collected over a shear decrement from the shear region to the core 
region, it can be seen that through the depth of the samples containing different 
concentrations of SB, the lamellar orientation at a given depth is remarkably enhanced by the 
addition of SB. Even in the core center, the ring intensity of iPP-1.2 is much stronger than 
that of iPP-0.0. 
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Figure 2.32.Azimuthal patterns of SAXS for the samples containing different concentrations 
of SB. The number of each trace indicates the distance from the surface of injection-molded 
plates.121 
Mitchell et al.122 have studied the formation of highly anisotropic semicrystalline structures in 
polypropylene from sheared polymer melts in presence of DBS as a nucleating agent. 
The authors have exploited synchrotron small angle X-ray scattering techniques in 
conjunction with a shear cell developed specifically for this purpose. They carried out many 
experiments in which the crystallisation of iPP sheared melts modified with DBS was 
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followed in real time as a function of the temperature, from the molten state (T=163 °C) to 
room temperature by SAXS. 
Their SAXS data for the sheared melt consists mainly of an equatorial intense streak at very 
high temperature (T=163 °C). They attributed the streak to the presence of highly anisotropic 
scatterers in the melt arising from the DBS fibrils oriented parallel to the flow direction. 
On decreasing the temperature, intense scattering along the meridian appears at T=147 °C. 
For lower temperatures, (T=143 °C), this meridional feature develops into a maximum 
superimposed to the equatorial streak. The maximum moves towards higher scattering angles 
as the temperature (T=135 °C) is further decreased.  
Finally, the maximum broadens and a less anisotropic contribution appears in the lower 
temperature patterns (T= 102 °C). An example is reported in figure 2.33. 
 
 
Figure 2.33.Selected two-dimensional SAXS pattern obtained during cooling after the 
cessation of the shear flow.122 
As one may observe in Figure 2.34, very little changes are observed in the equatorial 
intensity as the temperature decreases. However, there is a strong increase in the meridian 
intensity as the temperatures drops below 150 °C, which finally develops into a maximum. 
The intensity of this maximum decreases with temperature, and the peak becomes broader. Its 
q position (q=(4pi/λ) sin θ where 2θ is the scattering angle) moves to higher values when the 
temperature decreases. The presence of this maximum in the meridian small angle scattering 
indicates the presence of a layered structure aligned perpendicular to the flow direction. On 
one hand, the equatorial streak in the modified melt samples is due to the DBS fibrils that, as 
mentioned above, are oriented parallel to the flow direction. 
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Figure 2.34.Scattered intensity in the equatorial (top) and meridian (bottom) direction as a 
function of the scattering vector q, for different temperatures (see arrows).122 
 
The same authors Mitchell et al.122 reported also the evolution of the SAXS scattering (Itot) 
with temperature, presented in Figure 2.35. For the investigated samples variation of Itot with 
temperature exhibits a similar trend. 
When the sample is cooled, Itot presents a plateau for a temperature range, followed by a rapid 
increase and, after reaching a maximum, a slight decrease. According to them the fact that, in 
the initial temperature range, Itot does not increase suggests that, in this temperature region 
there are not more scatters than those present in the melt (i.e. the DBS fibrils). They sustained 
that the rapid increase may be associated to the development of polymer crystals whereas the 
final slow decreases of Itot with temperature may be associated with further crystallisation, 
that fills in the existing gaps, producing a decrease of electron density contrast. 
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Figure 2.35.Total SAXS intensity (Itot) as a function of temperature for the samples studied in 
this work. (●) iPP/0, (○) iPP/0.3, (▲) iPP/0.5, (∆) iPP/1, (■) iPP/20.122 
Recently, Balzano et al.123 investigated the combined effect of flow and DMDBS phase 
separation on the morphology of iPP. In particular, they studied the rheology of phase 
separated iPP-DMDBS systems and its morphology with time-resolved small-angle X-ray 
scattering (SAXS) under the effect of short-term shear protocol. 
To isolate the effects due to the presence of DMDBS, the authors first analysed the samples 
under quiescent crystallisation. They reported formation of less defected α and small γ 
crystals in the presence of additives. In fact, even if the α form remains prevalent, the crystal 
structure of the polymer shows some specific changes. The 111 peak becomes better resolved 
and a broad 117 reflection appears, compared to the neat iPP which shows the typical 
diffraction peaks of the α crystalline modification. For instance, figure 2.36 reports WAXD 
integrated intensities at room temperature for the neat iPP and the blends with DMDBS 
crystallised from the melt at 10°C/min. 
 
Figure 2.36.WAXD profiles of iPP at room temperature as a function of DMDBS 
concentration.123 
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Balzano et al.123 also studied the crystallisation behaviour of the three binary blends iPP-
DMDBS using differential scanning calorimetry. 
These experiments showed shift in the crystallisation temperature in presence of additive. In 
fact, upon addition of 0.3 wt % of DMDBS, crystallisation temperature (peak value) of iPP, 
Tc, increased to 131 °C. Further addition of DMDBS showed no effect on Tc (132 °C) for 
both B07 and B1. Nevertheless, crystallisation peak of the polymer narrows at higher 
DMDBS contents indicating faster crystallisation. DSC experiments are reported in Figure 
2.37. 
 
Figure 2.37.DSC cooling thermograms for the neat polymer and blends B03, B07, and B1. 
Experiments were performed at 10 °C/min, in an N2 atmosphere, after annealing the samples 
at 250 °C for 3 min.123  
 
What follows is some of the salient features observed on iPP/DMDBS blends investigated by 
Balzano and co-workers, please see Figure 2.38. 
Information on the morphology of the iPP/DMDBS blend as a function of the temperature 
has been obtained by means of SAXS. 
The authors showed that, in the neat iPP there is no electron density fluctuation until the 
polymer starts nucleating around 120 °C, while samples containing DMDBS show more 
complicated temperature dependence. In fact, when phase separation occurs, hydrogen-
bonding drives DMDBS molecules to pile up and form crystals denser than the polymer. As a 
consequence, density fluctuations are established and the scattered intensity rises to a plateau. 
At lower temperature, around 135 °C, independent from DMDBS concentration, nucleation 
of the polymer triggers a large and abrupt upturn in the intensity. 
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Figure 2.38.Temperature dependence of the SAXS intensity as a function of DMDBS 
concentration during cooling at 10 °C/min and after annealing at 250 °C for 3 min. In 
samples containing DMDBS, the scattered intensity increases with phase separation because 
of density fluctuations between DMDBS crystals and the polymer. At lower temperatures, 
when the polymer crystallizes once again, the scattered intensity increases.123 
Change in the scattered intensity lead to Figure 2.39 where, three different regions, 
corresponding to three different physical states of the system, are identified: (1) Region I, at 
high temperatures DMDBS and iPP form a homogeneous solution; (2) Region II, at 
intermediate temperatures, the system is phase separated with DMDBS crystallised and iPP 
still molten; (3) Region III, at low temperatures both DMDBS and iPP are crystallised. 
 
Figure 2.39.Phase diagram of the system iPP-DMDBS (from 0 to 1 wt % DMDBS) obtained, 
on cooling, using SAXS data. Three regions corresponding to three different states can be 
identified: Region I, homogeneous liquid; Region II, phase separated system with crystallized 
DMDBS and molten polymer, and Region III, both iPP and DMDBS are crystallized.123 
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As proof of the network fibrillar formation prior to polymer crystallisation, the authors 
showed 2D-dimensional SAXS images, figure 2.40, which reveal that increase of the 
integrated intensity in Region II is caused by an increase of the scattering in all azimuthal 
directions at low q. 
Increase in the scattering can be ascribed to the formation of a suspension of randomly 
oriented DMDBS fibrillar crystals with a length L and a radius R. 
 
Figure 2.40.SAXS images of the blend B1. Left: material in Region I of the phase diagram. 
Right: material in Region II of the phase diagram. DMDBS phase separation causes an 
increase of the scattered intensity in all directions at low q values. For a clear visualization, 
the scattering of the system in Region I was subtracted.123 
In addition, Balzano et al. investigated phase separation of DMDBS by rheology. Frequency 
sweep experiments on the blends provided insight on the viscous-like response of the 
polymer blends. Plateau in the low-frequency region of iPP in presence of additive indicated 
the physical nature of the DMDBS fibrillar network, which slowed down the relaxation of the 
melt with the introduction of new, long relaxation modes. These results are evident from 
Figure 2.41. 
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Figure 2.41.Storage and loss moduli (G’and G’’) as a function of frequency at 188 °C for the 
neat iPP and B07 (annealed for 30 min). Both G’and G’’are higher in B07 than in the neat 
polymer. The formation of a percolated network of fibrils is responsible for the plateau in 
G’observed at low frequencies in B07.123 
The study of flow induced crystallisation on iPP-DMDBS blends was combined with SAXS 
and a short-term shear protocol. The short-term shear protocol (with a shear of 60 s-1 for 3 s) 
was applied to the neat iPP and to the blends B03, B07, and B1 before and after phase 
separation of the additive. 
Afterward, the polymer was allowed to crystallise by cooling to room-temperature. 
Balzano et al. demonstrated that the effects of flow applied in Region I (prior to the 
crystallisation of DMDBS) could only enhance phase separation, leading to an isotropic 
morphology as in quiescent conditions, whereas the effects of shear in Region II (after 
crystallisation of DMDBS) aligned DMDBS fibrils parallel to the flow direction, determining 
the lateral growth of polymer lamellae orthogonally to the fibril axis. 
Therefore, once the fibrils were aligned, lamellae grew in the direction orthogonal to the 
applied flow. With this template mechanism, in the early stages of crystallisation the 
orientation of the substrate could be transformed into orientation of polymer lamellae. 
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Figure 2.42.Phase diagram of iPP-DMDBS (from 0 to 1 wt % DMDBS) including SAXS 
images describing the morphology, at room temperature, after application of “short-term 
shear” protocol with shear temperatures indicated by the symbols.123 
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2.6 The objectives of the thesis 
Flow induced crystallisation (FIC) is the predominant factor responsible for the properties of 
the melt-processed polymers. When a polymer experiences application of flow in the melt 
condition the overall crystallisation stage is affected and different scenarios can be observed: 
(a) increase of the nuclei density (flow-enhanced nucleation), (b) formation of oriented 
fibrillar nuclei (precursor’s formation or shish) and (c) growth of lamellar crystals 
perpendicular to the shish structures (oriented daughter lamellae or kebabs).  As a result, 
reduction of the nucleation  induction time for polymer crystals improve the ultimate polymer 
properties and guarantee better  melt-processing at lower cost.  
The aim of this thesis is to provide insight on the mechanism of the FIC of iPP when 
application of flow conditions is combined with the effect of innovative nucleating agents 
designed to shorten the processing time and optimize the optical polymer properties.  
 In detail, the scope of this research has been addressed to the study of the following open 
debates: 
• How does the kinetics of isotactic polypropylene change when nano-sized nucleating 
agent particles are introduced as artificial shish in the polymer melt during the FIC? 
• What is the role played by the nucleating agent during crystallisation of iPP under 
specific processing conditions such as different temperature and flow history? 
• Under different flow conditions, depending on the content of the nucleating agent in 
the polymer matrix, what kind of polymer morphologies can be formed? 
In this study, we make use of, 
(a) Time resolved X-ray scattering technique to follow the changes in flow-induced 
oriented structure of polymer. 
(b) Differential scanning calorimetry (DSC) to characterize the thermal behaviour under 
non-isothermal and isothermal crystallisation. 
(c) Optical Microscopy to follow the changes in birefringence of oriented structure. 
 
 
The results of this thesis are reported in the following chapters where detailed experiments 
are presented and deeply discussed and the conclusions are drawn from these results and 
recommendations for future work are also given. 
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Chapter 3 
 Experimental section 
3.1 Materials specifications 
In this work the effect of two kinds of nucleating agents have been investigated on the 
crystallisation behaviour of an isotactic polypropylene (iPP). The iPP used is a commercial 
homopolymer grade kindly provided by Borealis GmbH (Austria), HD120MO, having 
molecular weight, Mw, of 365.000 g/mol and a polydispersity, Mw/Mn, of 5.4. 
The first nucleating agent employed for the study is a metal salt of substituted aromatic 
heterocyclic phosphate compound adopted in polymer industry and commercially known as 
NA11. This latter has been mixed with the commercial iPP, HD120MO, by processing route 
directly by Borealis Gmbh (Austria). Borealis Company provided therefore for the purpose of 
this thesis four samples: (a) neat iPP (HD120MO), here named for simplicity B0, (b) three 
different binary mixtures, iPP/NA11-x  (x = 0.1, 0.2 and 0.5wt%)   where x  is the 
concentration of nucleating agent respect to the polymer in the blend. 
The second nucleating agent investigated is the latest generation of the class of nucleating 
agent designed for the iPP nucleation or clarification. This additive is an organic compound 
based on benzene tris-ammide derivative molecules, developed and patented by Blomenhofer 
et al.110   Its commercial name is Irgaclear xt 386 and it has been provided for the purpose of 
this thesis by Ciba Specialty Chemicals (Italia). Irgaclear xt386, obtained in powder form, has 
been used as received for the preparation of several binary mixtures with a homopolymer iPP, 
HD120MO, by solution route as detailed in the following description.  
iPP-Irgaclear xt 386 mixtures preparation  
The polymer, available in the form of pellets, was first cryo-ground and then compounded 
with Irgaclear xt 386. 
Solutions with concentration of 0.01–0.1 wt% (100 ppm-1000 ppm) of nucleating agent 
based on the polymer were prepared in a mixture of solvents to ensure complete dissolution 
of both additive and polymer. The solvents employed for the dissolution of the additive and 
isotactic polypropylene were the two miscible solvents 1,2 difluoro-benzene and xylene. The 
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procedure for preparation of the blends, iPP/Irgaclear xt 386, via solution mixing route is 
described below. 
First, a fixed amount (depending on the blend composition, generally between 1-10mg) of 
additive was dissolved in 1,2 difluorobenzene (40-50ml) in a glass vessel fitted with 
condenser. The solution was heated up to 92°C (solvent boiling point) for 10 min. The 
solution was stirred continuously till a homogeneous solution was obtained.  After the 
dissolution, the homogeneous solution having the additive was added to the solution 
containing iPP (10g), xylene (250ml) and antioxidant (0.05wt% based on the polymer). The 
mixed solution was heated up to the boiling temperature (about 130°C) and was continuously 
stirred for about an hour until the polymer was completely dissolved. 
The clear, homogeneous solution containing the polymer, additive and antioxidant was 
poured into a glass tray kept at room temperature. The solvent was evaporated at room 
temperature in vacuum for a day. 
3.2 Thermal Analysis 
Thermal analysis was conducted with a differential scanning calorimeter (DSC TA 
instruments, model Q2000). Samples of 2-3 mg were heated at a standard heating or cooling 
rate of 10 °C/min in the nitrogen atmosphere. Depending on the mixture composition, prior to 
the recording of cooling and heating runs, the samples were held at 250, 260 and 300 °C for 3 
min.  The high temperature treatment was required to erase thermal history, prevent self-
seeding53 of iPP and ensure complete dissolution of the additive within the polymer matrix. 
The samples were cooled to room temperature at a constant cooling rate of 10 °C /min and 
heated once again to high temperature depending on the mixture composition. 
Before identifying peak positions and determining crystallinity, a linear baseline was 
subtracted from the measured heat flow as a function of the temperature. Finally, crystallinity 
could be estimated as  
χ = ∆Hc / ∆H0             (3.1) 
where 
( )
e
s
T
c
T
H dH dT dT∆ = ∫   (3.2) 
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and ∆H0 are, the enthalpy of crystallisation of the sample and the enthalpy of crystallisation 
of an ideal 100% crystalline iPP sample(207.1 J g-1).124, respectively. 
Self-seeding53 as a method is used to establish the efficiency of nucleating agent. The 
evaluation is based on the determination of two limits in the nucleation efficiency scale, the 
non-nucleated system as the lower limit and a wholly self-nucleated54 polymer as the upper 
limit:  
 
NE = 100((TCNA - TC0) / (TCmax – TC0))       (3.3) 
 
where TCmax is the upper limit in the nucleating efficiency scale and is the maximum 
crystallisation temperature achievable after following the self-seeding53 procedure.  TC0 is the 
lower limit of the nucleating efficiency scale and is the crystallisation temperature of neat 
polymer determined while cooling at the conventional cooling rate (10°C/min), TCNA is the 
crystallisation temperature of iPP in presence of the nucleating agent. Following the 
procedure described TCmax , 139.8°C, is determined after self-seeding the sample at different 
temperatures, between the onset and maximum melting temperature window.  
To recall the procedure adopted for determination of the TCmax is the following: pure iPP was 
heated to 200°C, and was held for 5 minutes to remove the thermal history.  Subsequently the 
polymer was cooled to 50°C at 10°C/min and was kept at this temperature for 5 minutes. The 
determined crystallisation peak temperature, after removal of the thermal history is TC0. The 
sample was subsequently heated at 10°C/min to a self-seeding temperature Ts (between the 
melting peak and the end melting temperature as determined on heating the first step after 
removal of the thermal history) and was held at Ts for 5 minutes. Finally, the sample was 
cooled to room temperature. The crystallisation peak temperature was compared to the TC0. 
TCmax is the crystallisation temperature at which the maximum shift from TC0 is observed.    
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3.3 Optical Microscopy 
Optical micrographs were taken between crossed polars with an optical microscope 
(Olympus TH4 200) equipped with a hot-stage (Linkam, model THS 600) at magnifications 
10 X for the objective and eyepiece, respectively. Cooling and heating rates used for these 
experiments were 10 °C/min, respectively. 
3.4 X-ray Characterization 
Time resolved structural studies were performed at the European Synchrotron Radiation 
Facility (ESRF) in Grenoble (France) on the beamlines BM26/DUBBLE and ID02. The 
experiments were carried out with a Linkam Shear Cell (CSS-450) modified with Kapton 
windows.  A picture of the set up for the experiments along with a schematic diagram of the 
shear cell working principle is reported in the following Figure 3.0. 
 
Figure 3.0. Picture representing the set up for the WAXS and SAXS experiments at the 
European Synchrotron Radiation Facility (ESRF) in Grenoble (France) (left), and sketch of 
the shear cell working principle (right). The setup shown here is from beamline ID02. 
 
 
sample 
X ray 
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First, the samples were annealed at high temperature depending on the blend composition for 
3 min to erase the memory. Subsequently the sample was cooled to room temperature at 
10°C/min. 
SAXS patterns while cooling and heating were recorded on a two-dimensional gas filled 
detector (512 - 512 pixels) placed at approximately 7.1 m from the sample. Scattering and 
absorption from air were minimized by a vacuum chamber placed between sample and 
detector. The wavelength used for the studies was 1.03Å. SAXS images were acquired with 
an exposure time of 10s and were corrected for the intensity of the primary beam, absorption, 
and sample thickness. The scattered intensity was integrated and plotted against the scattering 
vector, q = (4π/λ)sin (θ/2) where θ is half of the scattering angle. The long period was 
calculated as Lp = 2 π /(qIMAX), where qIMAX is the q value corresponding to the maximum in 
the scattered intensity. Finally, we defined an integrated intensity as:  
max
min
( )
q
I
q
I I q dq= ∫  (3.4) 
where qmin and qmax are the minimum and the maximum experimentally accessible q values.  
Two dimensional SAXS images were also used for the characterisation of anisotropic 
morphologies. For this purpose, it was necessary to define three azimuthal regions92. In the 
SAXS the scattering intensity arise from the two phase system crystalline/ amorphous 
domains. In this situation the product of the volume fraction of the two phases is proportional 
to the so-called 2( )I q q dq∫ invariant.125 Taking the limited experimental q-range into account 
then we follow the development of crystallisation by estimating the relative time-dependent 
invariant by the expression: 
max
min
2( ) ( , )
q
r
q
Q t I q t q dq= ∫
      (3.5) 
The relative crystallinity  Xre was calculated by the following expression: 
( )( ) ( )
r
r
Q t
re Qχ = ∞
                   (3.6)
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where t = ∞  is a sufficient long time where no changes in the SAXS pattern can be 
identified. It should be noted that evolution of invariant as a function of time is an 
approximation of the fraction of crystallites which are normally instead estimated by WAXD 
analysis. In this case we refer to a work of Byelov et al.133 where for the same polymer 
system and similar crystallisation conditions, estimations of the relative crystallinity by 
SAXS were in agreement with WAXS estimations with an error of about 5%. 
The halftime of crystallisation τ1/2 is determined by approximation of each Xre curve with a B-
spline of third order and calculating its derivative.  
 
In order to describe quantitatively the effect of the nucleating agent on the orientation of 
crystalline lamellae, the 1D azimuthal profiles of meridional scattering were obtained from 
the 2D SAXS image patterns. The degree of lamellar orientation is evaluated by the 
Hermans’s orientation function125 by 
f =  =     (3.7) 
 
Where, I(φ) is the diffracted intensity from the planes normal to the c-axis. 
The above function is commonly used to estimate the molecular orientation of a sample from 
the analysis of wide-angle scattering (WAXS). However, it has been demonstrated that it is 
also useful to evaluate a degree of lamellar orientation from the analysis of SAXS.125   
In the present work we define a region for the azimuthal integration of the 2D SAXS images 
from φ= 0 to 90 degree. 
The equatorial scattering was included in the calculation and the function was normalized by 
shifting the background to zero.  In this case, f =1 when the crystalline lamellae are perfectly 
parallel to FD and f =0  when the crystalline lamellae are randomly distributed. 
Wide angle X-ray diffraction (WAXD) experiments were performed separately on the same 
beamline of the ESRF. The results were used to determine crystallinity and the phases present 
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in the samples. Two-dimensional images were recorded on a Frelon detector. Before analysis, 
the scattering of air and of the empty sample holder was subtracted. After integration, the 
intensity was plotted as a function of the scattering angle 2θ. Deconvolution of the 
amorphous and crystalline scattered intensities was performed using a sixth order polynomial 
to capture the amorphous halo.126-127 The crystallinity index, a measure of the crystal volume 
fraction was calculated as : 
χWAXD = Ac/(AC+AA)    (3.8) 
where AC and AA are the scattered intensities from crystalline phases and amorphous 
respectively. 
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Chapter 4 
Combining effects of shear-flow and nucleating agent influence on the 
crystallisation kinetics and the subsequent morphology development of 
isotactic polypropylene  
4.1 Abstract 
The effect of shear flow has been investigated on the nucleation stage and subsequent   
orientation of crystals in a commercial isotactic polypropylene (iPP) as a blank polymer as 
well as loaded with different concentrations of nucleating agent, 2,2-methyl-ene-bis (4,6-di-
tert-butylphenyl) phosphate, NA11. 
Flow induced polymer crystallisation of various iPP samples with and without nucleating 
agent was studied in-situ by means of small-angle X-ray scattering (SAXS) technique at 
Synchrotron source. These crystallisation experiments were performed by applying a constant 
shear of 60 (shear rate γ •  · shear time st ) in the molten polymer state but well below its 
melting temperature during isothermal condition conducted at 145°C. In order to discriminate 
the influence of shear rate and shear time on the subsequent polymer crystallisation, four 
different shear conditions (60 s-1 ·1s, 30 s-1·2s, 15 s-1·4s, 6s-1·10s) were applied while 
maintaining the same imposed strain in the polymer melt. 
All studied polymer samples have shown different crystallisation behaviour depending on the 
role played by two independent nucleation-induced effects: (a) shear rate and (b) nucleating 
agent concentration. 
As a result the two nucleation induced-effects were found to be competitive in accelerating 
nucleation of the iPP crystals.  
For instance, in the case of the neat iPP, polymer nucleation is speeded up with increasing 
shear rate. This effect is prominent only when a critical shear rate is overcome and is also 
promoting formation of an oriented morphology during polymer solidification as a 
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consequence of the high molecular orientation induced at early stage of the nucleation by 
flow.  
In the presence of NA11, the crystallisation kinetics is enhanced in the presence of the 
nucleating agent against the applied shear conditions in the neat polymer. In the presence of 
the nucleating agent highly oriented morphologies are formed at all shear rates with an 
outstanding increase in orientation above a critical shear rate value for all iPP/NA11 
mixtures. The critical shear rate required for induction in chain orientation, in the presence of 
the nucleating agent is lower than that in the neat polymer. 
 
4.2 Effects of NA11 on structure and morphology of iPP in the solid state 
Thermal behaviour of various iPP samples with and without NA11 content has been studied 
by means of DSC. Thermograms reported in Figure 4.0 (left) depict that  independently of the 
nucleating agent concentration all samples have a similar melting crystal behaviour, which is 
identified by an endothermic peak centred at 170°C (Tm). On the contrary, DSC cooling 
curves presented in Figure 4.0 (right), resulting from the polymer solidification in non 
isothermal condition at 10°C/min, show a different crystallisation behaviour between the iPP 
neat and the polymer  in presence of the nucleating agent. In fact, for all iPP mixtures 
containing different levels of NA11, we observe an increase in the crystallisation temperature 
peak detected around 130°C  compared to the crystallisation temperature of the neat polymer 
at 115°C. The shift, 15°C, in the crystallisation peak to higher temperatures under non-
isothermal conditions has been observed by different authors in the past and is attributed to 
the NA11 capability as nucleating agent. 113, 114 
The good epitaxial matching between the chemical nature of the iPP and the nucleating agent 
is likely to favour the crystallisation kinetics by suppressing the free-energy barrier for the 
formation of nuclei, which is normally the hindering factor in the crystallisation process.  
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Figure 4.0. DSC heating and cooling thermograms (left and right respectively) of a 
commercial iPP with and without different concentration of NA11. 
 
In Table 4.1 the salient physical properties determined from DSC curves are summarised. 
The degree of crystallinity, estimated by the crystallisation enthalpy of the DSC curves 
according to the method described in the Section 3.2, presents a different percentage in the 
solid state between the neat iPP and the iPP crystallised in the presence of NA11.  
From these calculations we obtained that iPP blends containing NA11 have a degree of 
crystallinity approximately 50% whereas the neat iPP has a lower value of 46%.This 
discrepancy in the degree of crystallinity indicate that, upon cooling, the volume of the iPP 
lamellae is increased in the presence of the nucleating agent. The higher crystal volume is 
likely to arise because at the early stages of crystallisation, the iPP nuclei formed via 
heterogeneous nucleation process act as catalytic precursors for initiation of crystallisation. 
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Table 4.1.Summary of experimental physical properties determined from the DSC-
thermograms of Figure 4.0.(*). 
Sample Tm 
(°C) 
Tc 
(°C) 
∆Hm  
(J/g) 
∆Hc  
(J/g) 
χc 
(%) 
iPP neat 170 115 109 95 46 
iPP/NA11-01 170 130 110 107 52 
iPP/NA11-02 170 130 112 102 49 
iPP/NA11-05 170 131 108 106 51 
 
(*)Tm (°C) and Tc (°C) are melting and crystallisation temperatures of samples having different 
concentration of nucleating agent. Data summarised is obtained at a cooling rate of 10°C/min. 
∆Hm and ∆Hc (J/g) are enthalpies required for melting and crystallisation processes. For the 
calculation of crystallinity, enthalpy of crystallisation for 100% crystalline iPP ∆H0 (207.1 J 
g-1) is taken from literature124.  
 
From the table above it is apparent that in the presence of the nucleating agent the 
supercooling for crystallisation, ∆T= Tm-Tc, decreases by more than 15°C. This shift in the 
crystallisation temperature has implications in fast processing that demands dimension 
stability of the sample prior to its removal from mould.  
Recently, Lotz53 and coworkers have defined a method to compare the efficiency of several 
nucleating agents that promote nucleation in the iPP matrix. This method is extensively 
described in the section 3.2 of this thesis and has been used for calculation of the NA11 
efficiency on the crystallisation of iPP. The results are reported in Figure 4.1 and show that 
NA11, having a concentration of 0.1, 0.2 and 0.5wt% in the iPP substrate, presents a 
nucleating efficiency (NE) of  about 60% , a result in agreement with previous estimations 
obtained by different authors114. Normally this efficiency parameter is a function of 
concentration of the nucleating agent and increases with increasing nucleating agent content 
up to a certain limit, beyond that a saturation level is reached. In our case, by DSC method 
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the efficiency for NA11 in iPP was found to be same for different concentrations and 
therefore it is expected to be invariant with the increasing concentration of NA11 in iPP. 
However, NA11 is considered as one of the most effective nucleating agents for 
polypropylenes since for other type of nucleating agents, at same concentration, efficiency is 
found to be much less that 60%. 
 
 
Figure 4.1. (a) Experimental crystallisation temperature Tc of iPP in varying concentration of 
NA11. (b) Nucleation efficiency coefficient (NE) as a function of additive concentration in 
the polymer. 
4.3 Crystallisation under quiescent conditions 
Time-resolved small angle X-ray experiments have been performed on iPP crystallisation 
with and without the nucleating agent NA11. These studies were performed in quiescent and 
isothermal conditions at 145°C. The scope of these studies focused on the observation of the 
overall polymer crystal time-evolution, from the early nucleation stage up to the final 
morphology of the resulting lamellae as a function of the nucleating agent concentration. 
Detailed analysis obtained from SAXS data, have confirmed the outstanding nucleation 
efficiency of NA11 on the nucleation of iPP observed under the non-isothermal conditions in 
DSC experiments. To recall, during non-isothermal crystallisation, enhancement of the 
crystallisation rate is associated by a shift in the crystallisation temperature and is normally 
an interesting method of crystallisation study since this condition is much closer to the 
conditions experienced by the polymer during processing. On the other hand, isothermal 
crystallisation condition is also an important investigation approach because it allows for a 
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detailed study at the equilibrium condition therefore provide insight on the fundamentals for 
the polymer crystal formation. In this latter condition, improvement of crystallisation rate is 
measured directly from the crystallisation time.  
In Figures 4.2 and 4.3, we present salient results from the 2D-SAXS images of different 
samples, with and without NA11, during quiescent isothermal crystallisation. The 2D-SAXS 
images of Figure 4.2, representing the final morphology (yielded for all samples and 
therefore recorded after a sufficient long time where no variation in the scattered intensity 
could be further estimated), we observed a final unoriented polymer crystal structure for all 
samples studied as indicated by the presence of a diffuse scattered halo in these images. 
These results suggest that in quiescent conditions the presence of the NA11 is not able to 
orient iPP lamellae independent of its concentration in the polymer. 
 
Figure 4.2. 2D SAXS patterns of neat iPP and different mixtures of iPP/NA11 (0.1 wt%, 
0.2wt%, 0.5wt%) recorded after isothermal crystallisation at 145°C after a time of 1000s. 
Intensities in the samples, iPP/NA11-01 and iPP/NA11-05, are relatively poorly resolved 
because of the use of low resolution 2D detector.  
 
A quantitative analysis of SAXS images was then adopted to determine the crystals evolution 
against time (relative crystallinity) for the all samples according to the method described in 
the experimental section 3.4 and is presented in Figure 4.3 for the quiescent crystallisation 
studies. This quantitative analysis of the SAXS data shows following results:  when an 
amount of NA11, as low as 0.1 wt %, is added to iPP, polymer crystallisation is drastically 
accelerated and the crystallisation time reduces by an order of magnitude from 17 min, 
necessary for the neat polymer crystallisation, to approximately 2 -3 min for all iPP mixtures 
containing the nucleating agent.  
iPP iPP/NA11-01 iPP/NA11-02 iPP/NA11-05 
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Furthermore, in the case of iPP containing different levels of nucleating agent, crystallisation 
time remains in the order of 2-3 min but is slightly decreased when the NA11 content in the 
iPP is varied from 0.1wt% to 0.5wt% due to an additional available surface provided from the 
NA11 crystals which generate further suitable nucleation sites for  iPP crystals formation.  
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Figure 4.3. Relative changes in invariant obtained from analysis of SAXS patterns for pure 
iPP and with different concentration of NA11 during quiescent isothermal crystallisation at 
145°C. The invariant is representative of changes in crystallinity that is demonstrated in ref 
133. 
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4.4 Crystallisation under flow conditions 
On employing the same temperature-time procedure adopted for the quiescent conditions, 
flow induced crystallisation of neat iPP and its blends with NA11 have been studied by 
imposing a pulse shear of 60 (shear rate γ •  · shear time st ) at the beginning of the isothermal 
condition. In Figure 4.4, the procedure followed during the flow studies is presented.  
 
 
 
 
 
 
 
Figure 4.4. Temperature-time profile followed during the flow experiments. Application of a 
pulse shear of 60 (shear rate γ •  · shear time st ) was imposed after reaching experimental 
temperature of 145°C, where γ •   and st are the variables. 
 
Similar to the quiescent condition, in flow conditions the study on the development of 
morphology is conducted by means of time-resolved SAXS technique. Crystallisation of iPP, 
with and without NA11, occurs with differences in orientation and resultant morphology on 
imposition of shear. It should be noted that four different shear rates 60s-1, 30s-1, 15 s-1 and 6s-
1 in the polymer melt were applied during the shear induced experiments, while maintaining 
the same deformation of 60. As detailed in the introduction to this chapter, this constant 
deformation was used to discriminate the effects of shear rate from shear time. The 
observations ate depicted in Figure 4.5a, that can be summarised as follows:  
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(a) compared to the shear time, for all samples shear rate has more pronounced effect on the 
iPP crystallisation,  
(b) in neat iPP, strong anisotropy of the scattered intensity (round spots) arises in the 
meridian region of the 2D-SAXS images. The anisotropy observed at and above the shear 
rate of  30s-1 is indicative of the formation of kebab like structures explained in ref  [92-94], 
[121-123].  The figure 4.5d is recalled from ref [132] to show the evolution of structures that 
can be depicted from SAXS. The absence of equatorial streaks suggests the near absence of 
shish structures or their weak presence that cannot be detected by the applied method. To 
have insight on the evolution of structure as a function of time, figure 4.5b and 4.5c 
summarises 2D patterns representing evolution of structure just after the applied shear. For 
the purpose data recorded at the highest shear rate  60s-1 and lowest shear rate 6s-1 are chosen 
for the neat iPP (Figure 4.5b) and iPP samples having 0.2wt% of NA11 (Figure 4.5c).  
(c) The comparison of Figures 4.5b and 4.5c suggest that in the presence of different 
concentrations of NA11, the iPP oriented morphology becomes evident even at lower shear 
rates.  
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Figure 4.5a. 2D SAXS patterns of neat iPP and different mixtures of iPP/NA11 (0.1 wt%, 
0.2wt%, 0.5wt%) recorded after shear induced crystallisation at different shear rates in 
isothermal conditions at T=145°C. All X-ray patterns were recorded after 1000s of the 
applied shear.  
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Figure 4.5b. 2D SAXS images represent the evolution structure as a function of time for neat 
iPP after imposition of shear rate of 60s-1 for 1s (top) and 6 s-1 for 10 s (bottom) in isothermal 
conditions at T=145°C.  
To recall the shear was applied in the polymer melt at 145°C. Just after the application of 
shear scattered intensity was recorded. Figure 4.5b summarises structure evolution just after 
deformation of the neat polymer at t = 0s. The strong influence of shear rate in the 
development of the anisotropic intensity is evident. Remarkable to notice is that even at the 
shear rate of 6s-1 applied for 10s, on completion of the crystallisation some weak orientation 
could be noticed. The evolution of orientation suggests formation of some oriented crystals. 
Desmeared anisotropic intensity along the meridian is indicative of weak preferred 
orientation as represented schematically in Figure 4.5d schematic B. On the contrary to the 
low shear rate, the application of high shear rate 60s-1 applied for only 1s, shows immediate 
evolution of anisotropic intensity arising in the form of streak at the meridian. The streak 
represents evolution of continuous electron density fluctuation, arising due to random 
nucleation of crystals having strong preferred orientation along the flow direction. With time, 
the meridian intensity tends to enhance at the preferred Bragg spacing suggestive of the 
regular periodicity arising due to filling of the lamellae having similar thickness. The evolved 
structure is suggested in Figure 4.5d, schematic A. Important to notice is that no streak along 
the equator is observed. The near absence of equatorial streak combined with the strong 
development of meridian intensity suggests the presence of weak oriented shish like 
structures that are not well developed after the application of the applied shear rates.  These 
weak shish orientations tend to have strong implications in the formation of oriented folded 
chain crystals. A cause for the weak development of the shish like structures can be attributed 
to low molecular weight (365Kg/mol) of the isotactic polypropylene having broad molar 
mass distribution (5.4), thus reducing the relaxation time considerably. In the presence of 
t=0s t=124s t=186s t=341s t=488s t=1098s 
iPP 
t=0s t=1525s t=2135s t=2745s t=3050s t=3446s 
FD 
 77
nucleating agent this relaxation time is likely to enhance due to adhesion of chains to the 
nucleating agent in crystalline state. Such a possibility strengthens with the increasing 
amount of the nucleating agent, as the surface area for attachment of chains also increases, 
see Figure 4.5a. Prior to the quantitative analysis on the influence of the nucleating agent 
concentration on crystallisation kinetics, qualitative changes in the development of structure 
in the presence of nucleating agent are summarised in Figure 4.5c. 
 
 
Figure 4.5c. 2D SAXS images represent evolution of structure as a function of time for the 
iPP having 0.2wt% of NA11 after imposition of shear rate  60s-1 for 1s (top) and 6 s-1 for 10 s 
(bottom) under isothermal conditions at T=145°C.  
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Figure 4.5d. This figure depicts the commonly observed SAXS patterns in oriented polymer 
samples. (A) Sharp meridian spots identify broad parallel stacking lamellae, (B) meridian arc 
arisen along flow direction indicates several orientations of narrow lamellae or shish-kebab 
structures, (C) diffuse spots indicates orientation of fibril-like structures and (D) Meridian 
and equatorial spots indicative of a branched shish-kebab structure (daughter lamellae). 
 
Unlike in the case of the neat polymer, Figure 4.5b, the presence of the nucleating agent 
shows the development of strong meridian intensity even at the low shear rate of 6s-1. The 
intensity evolves into lobe formation after 244s of the applied shear. At 305s, the lobe 
intensity increases gradually leading to the formation of structure represented in Figure 4.5d, 
schematic A. As time approaches to 762s, the meridian intensity tends to smear along the 
azimuthal direction as well as isotropic development of intensity is also observed. The 
smearing of azimuthal intensity reflects the development of partially oriented crystals along 
the flow direction (Figure 4.5d, schematic B), whereas the isotropic intensity indicates 
isotropic distribution of crystallites that are not influenced by flow. On the application of 
strong shear 60s-1, immediate evolution of the meridian intensity in the form of streak is 
observed. Within 122s of the applied shear the streak develops into lobes, suggestive of the 
regularly stacked lamellae along the flow direction. By 274s of the applied shear, ultimately 
Crystal  
amorphous  
A 
daugther lamella  
B C D 
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the intensity develops into well-defined meridian Bragg spacing. At the same time orientation 
along the equator can be also identified. The presence of equatorial intensity can be attributed 
to the evolution of daughter lamellae shown schematically in Figure 4.5d, schematic E. The 
other possibility that the equatorial intensity arises from better defined shish and the oriented 
NA11 crystals cannot be ignored.  
As a result, a detailed analysis of the polymer kinetics after imposition of a shear pulse, 
estimated from SAXS data, has revealed different behaviours for the iPP crystallisation with 
and without the nucleating agent content. In Figure 4.6 is reported a comparison of the 
relative crystallinity of the neat iPP as a function of time at different shear conditions applied. 
The crystallinity has been measured following the method described in Chapter 3, section 3.4 
(equation 3.5 and 3.6) ref [133]. 
It is worth to note that in the absence of NA11, the crystallisation kinetics of iPP is strictly 
dependent upon the applied shear rate. Higher the shear rate faster is the crystallisation 
depicting two different regimes: a) for low shear rates between 0 (quiescent condition) and 15 
s-1 the relative crystallinity increases gradually with time till it reaches a plateau after almost 
60min, b) when shear rate overcomes a threshold of 30s-1, the relative crystallinity increases 
rapidly with time and reaches a plateau value in 20 min only. From Figure 4.6, it is 
remarkable to notice that the crystallisation rate, represented by slope, increases dramatically 
with the increase in shear rate from 15 to 30s-1 while maintaining the same strain. This 
transition in crystallisation rate suggests the evolution of different crystallisation mechanism 
that becomes apparent from Figure 4.5a where the oriented structures are observed.  
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Figure 4.6. Relative crystallinity obtained from analysis of SAXS patterns for the neat iPP 
during quiescent and flow-induced crystallisation at 145°C. 
In Figure 4.7, we present the results of flow induced crystallisation for all iPP samples 
containing different levels of NA11at a given shear rate. To recall, DSC studies performed 
under quiescent conditions do not show the influence of nucleating agent concentration on 
the crystallisation kinetics (Figure 4.1a). Instead, the application of shear not only causes 
further increase in the crystallisation rate but also shows a strong dependence in the 
nucleating agent concentration.  The strong influence of nucleating agent concentration is 
evident at the highest applied shear rate, 60s-1, where the sample containing 0.5wt% of NA11 
shows crystallisation at much earlier stages, beyond the experimental limit for the chosen 
isothermal conditions. The onset of crystallisation on the nucleating agent concentration is 
apparent at the lowest shear rate of 6s-1. The crystallisation rate, represented by slope, 
increases with the increasing amount of nucleating agent. 
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Figure 4.7. Relative crystallinity (Xre) obtained from analysis of SAXS patterns for various 
iPP/NA11 mixtures during isothermal flow-induced crystallisation (T=145°C) at different 
shear rates. 
To better understand the role played by shear and concentration of nucleating agent on 
polymer crystallisation, Figure 4.8 compares evolution of relative crystallinity as a function 
of time at quiescent condition and different shear rates in the sample having 0.5 wt% of 
NA11 in iPP. Similar to the neat polymer, Figure 4.7, the crystallisation rate increases with 
increasing shear rate. However, in the presence of the nucleating agent the crystallisation rate 
show increase even on application of a minimal shear rate of 6s-1 as compared to the case of 
the neat iPP under the same shear conditions, Figure 4.6. This difference in the influence of 
the crystallisation time on the application of shear rate can be represented as  
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where τ1/2 is the half crystallisation time estimated from the relative crystallinity curves 
(invariant), for the quiescent conditions and the shear applied conditions. The change in 
crystallisation time with the nucleating agent is shown in Figure 4.9. From here it is apparent 
that for the enhancement of the crystallisation rate, shear rate plays stronger role in neat 
polymer compared to the polymer with the nucleating agent.  
 
 
 
 
 
 
 
 
 
 
Figure 4.8. Relative crystallinity obtained from analysis of SAXS patterns for the iPP/NA11 
mixture containing 0.5 wt % of nucleating agent during isothermal quiescent and flow-
induced crystallisation (T=145°C) at different shear rates. 
 
Figure 4.9 summarises crystallisation rate with varying amount of nucleating agent at 
different shear rates. The y-axis plotted in logarithmic scale further reinforces strong 
influence of shear on the onset of crystallisation. From the figure it is apparent that the 
influence on crystallisation rate in the presence of nucleating agent is smaller compared to 
that in the neat polymer. These findings suggest that best nucleation efficiency will be the 
oriented polymer molecule itself. Most likely the role of NA11 is not only the suppression of 
the nucleation barrier but also promoting stretching of the adhered chains on the nucleating 
agent. 
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Figure 4.9. Crystallisation half time τ(1/2) as a function of NA11 concentration for all samples 
sheared with different shear rates. 
4.5 Conclusion 
The effect of a commercial nucleating agent such as NA11 has been studied on the 
crystallisation kinetics of polymer with and without application of shear. In the absence of 
shear, crystallisation of the iPP from quiescent melt with and without the nucleating agent is 
investigated. The probable epitaxial matching between the NA11 molecules and the polymer 
promotes remarkable enhancement in the overall crystallisation rate of the polymer. 
In the presence of shear, different shear rates and shear times are varied and applied to the 
polymer melt. The observations are that the resulting polymer morphology show strong 
dependence on the shear rate compared to shear time. In particular, also for the neat polymer, 
when the applied shear rate is beyond a critical threshold of 30s-1 the resulting polymer 
crystalline structure is influenced and a diverse degree of orientation can be retained. This 
orientation is higher when polymer crystallisation occurs in the presence of NA11.  
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Chapter 5 
 
The Binary System Isotactic Polypropylene/Irgaclear xt 386: Phase 
Behaviour and Nucleation 
 
5.1 Abstract 
Irgaclear xt 386 is an innovative nucleating agent104-111 for isotactic polypropylene 
commercialised by Ciba Speciality Chemicals. 
It is a low-molecular-weight organic compound which is capable to be melt-soluble in the 
polymer matrix at high temperature and upon cooling re-crystallise by self-organizing into a 
three- dimensional fibrillar network through hydrogen-interactions similarly to the previously 
studied systems sorbitol based.103, 104, 106 
The phase behaviour of the binary system consisting of the nucleating agent mentioned above 
and a commercial isotactic polypropylene (iPP) is investigated over the concentration range 
spanning from 0 to 1000 ppm by polarised optical microscopy (POM). An experimental 
phase diagram is constructed from data obtained in melting and crystallisation studies, and a 
simple binary pseudo-monotectic diagram is also proposed. 
Distinct regions in the phase diagram, which show phase separation of the nucleating agent in 
the iPP melt at different temperatures (depending on the composition of the system) and 
subsequent polymer crystallisation onto nucleating agent surface, are discussed.  
Nucleation of iPP affected by Irgaclear xt 386 is studied also by differential scanning 
calorimetry (DSC). A nucleation efficiency53 of the additive is determined and compared to 
the results obtained recently from studies of similar compounds by other authors103. 
Additionally, a detailed overview of a specific concentration region of the pseudo-monotectic 
diagram, Regime I, is provided by time-resolved X- ray scattering studies in order to elucidate 
the influence of the nucleating agent on the polymer morphology even at molecular level. 
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5.2 Nucleation by Differential Scanning Calorimetry 
Thermal properties of the iPP in neat polymer and in presence of nucleating agent have been 
explored over the composition range which extends from the neat isotactic polypropylene, 
hereafter indicated as B0, to a maximum concentration of the nucleating agent of 1000 ppm 
(B1000). In the Figure 5.1 cooling and heating DSC thermograms of the various iPP/Irgaclear 
xt 386 mixtures are presented. 
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Figure 5.1.Differential scanning calorimetric (DSC) thermograms of various mixtures of 
iPP/Irgaclear xt 386 compounded by solution mixing procedure.(a) Cooling and (b) heating at 
10°C/min. 
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At exceedingly low concentrations of the nucleating agent, as low as 0.01wt% (100 ppm) of 
Irgaclear xt 386, the iPP crystallisation temperature (Tc) is increased sharply from 117°C to 
124°C. When the concentration of the nucleator is varied from 150 ppm up to 300 ppm, a 
more pronounced increase in Tc of 126-128°C is observed. Finally, when the nucleating agent 
concentration is raised up to 1000 ppm no more shift in the crystallisation temperature is 
observed, as evident from results of the Figure 5.1a.  
From these results it may be concluded that the nucleating agent accelerates nucleation of iPP 
at very low concentrations, an observation in agreement with the earlier findings on a family 
of trisamide based compounds.109,111 
Instead, the melting temperatures of iPP in the presence and the absence of nucleating agent 
remains the same, 164°C. For clarity, all thermal and physical parameters determined from 
DSC experiments are summarised in Table 5.1. 
Table5.1. Summary of Experimental Data obtained from cooling and heating thermograms, 
shown in Figure 5.1(*). 
SAMPLETm (°C)Tc onset (°C)Tc (°C)∆Hc (J/g) ∆H0 (J/g)* χ (%) 
B0 162 122 117 96 209 46 
B100 162 128 124 96  46 
B150 164 132 126 95  45 
B200 164 133 128 98  47 
B300 164 133 128 102  49 
B500 164 132 127 100  48 
B800 164 132 127 100  48 
B1000 164 131 126 100  48 
(*)Tm (°C) and Tc (°C) are the melting and the crystallisation temperatures of the samples 
studied. Whereas Tc is the onset of crystallisation temperature obtained on cooling at 
10°C/min. ∆Hc (J/g) is enthalpy of crystallisation and ∆H0 is enthalpy of crystallisation for 
100% crystalline iPP. χ is the degree of crystallinity. 
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Changes in the Tc as a function of nucleating agent concentration is shown in Figure 5.2a. 
Two concentration regimes can be distinguished. Regime I for iPP/Irgaclear xt 386 
concentrations between 100 ppm and 300 ppm, where the crystallisation temperature of iPP is 
shifted to higher temperatures by 11°C. On the contrary for nucleating agent concentrations 
higher than 300 ppm, Regime II shows no more shift in the crystallisation temperature of iPP, 
as detailed also in Table 5.1. 
To estimate shift in the crystallisation temperature of iPP in the presence of Irgaclear xt 386, 
evaluation of the nucleating efficiency (NE) has been determined and is presented in Figure 
5.2b. 
The nucleation efficiency is determined from the equation proposed by Fillon et al.,53 and is 
explained in the experimental section 3.2 (equation 3.3).  
Nucleation efficiency, NE, is zero for non nucleating materials and 100% for the optimum 
efficiency. 
As reported in Figure 5.2b, NE depends on the nucleating agent concentration. For 
concentrations of the (pseudo)binary system, iPP/Irgaclear xt 386, between 0 and 300 ppm 
(Regime I) NE increases to a value of nearly 50%, while on increasing the amount of 
nucleating agent from 500 to 1000 ppm (Regime II), no significant increase in the nucleation 
efficiency is observed. Compared to the efficiency of the iPP nucleation in the presence of 
DMDBS for the same concentration of nucleating agent, 0.025 and 0.05wt%, the nucleation 
efficiency of Irgaclear xt 386 is much highe103 and is depicted in Table 5.2. 
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Figure 5.2. (a) Experimental melting temperature Tm and crystallisation temperature Tc of iPP 
in various mixtures with Irgaclear xt 386 at different compositions. (b) Nucleating efficiency 
coefficient (NE) as function of additive concentration. 
As shown in the Table 5.2, for the nucleating agent concentration as low as 250ppm, 
compared to DMDBS the NE of Irgaclear xt 386 is three times and the onset of crystallisation 
temperature is much higher. Even at higher concentrations of the nucleating agent, 500 ppm, 
the nucleation efficiency of the Irgaclear xt 386 is higher than that of DMBDS.  
Table5.2. Comparison of the nucleating agent efficiency (NE) of the iPP with DMDBS and 
Irgaclear xt 386 at different concentrations. 
 
SAMPLE TcNA(°C) NE (%) References 
MILLAD 3988 (250 ppm) 114.7 15.3 Ref.103 
Irgaclear xt 386 (250 ppm) 128 50 This work 
MILLAD 3988 (500 ppm) 116.1 20 Ref.103 
Irgaclear xt 386 (500 ppm) 127 46 This work 
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5.3 Phase behaviour by Optical Microscopy 
To have insight in the nucleation efficiency the melting and the crystallisation behaviour of 
the iPP/Irgaclear xt 386 blends is investigated by polarised optical microscopy. The polymer 
having the nucleating agent is placed between the glass cover-slip and analysed in between 
the cross-polars of a Linkam hot stage. The samples were heated above the melting 
temperature, till the complete disappearance of the birefringence occurred. Dissolution 
temperatures of the nucleating agent at different concentrations, ranging between 0 to 
1000ppm in the polymer, were determined with the disappearance of the birefringence in the 
optical microscopy. Composite optical micrographs, Figures 5.3 and 5.4, show crystallisation 
of nucleating agent well above the crystallisation temperature of the polymer, for comparison 
see B0 with B100 and others. For an example, in Figure 5.3 for B300, the birefringent entities 
appearing at 180°C are arising from crystallisation of the nucleating agent, whereas the 
sudden increase in the birefringence, at 132°C, on the surface or in the vicinity of the 
nucleating agent arises due to crystallisation of the polymer. The temperature at which the 
sudden increase in birefringence occurs is summarized in Table 5.3 under the column Tcp for 
different concentrations, and is in accordance with the onset of crystallisation temperature 
depicted from DSC shown in Figure 5.2.   
In Figure 5.3, morphology of the neat iPP (B0), obtained on cooling from melt is compared 
with morphology of the iPP in the presence of different quantities of nucleating agent, such as 
100 and 300 ppm (B100 and B300). The represented optical micrographs are obtained while 
cooling at 10°C/min from high temperatures to room temperature in the same conditions.  
For B0, on crystallisation from melt, formation of small spherulites can be visualised (Figure 
5.3 a, b, c) whereas in the case of B100 and B300, a diverse scenario is observed. In fact, at 
very high temperatures prior to polymer crystallisation the supramolecular structures (fibrils) 
of the additive are formed, Figure 5.3a`, a``. On decreasing the temperature further,   trans-
crystallisation of iPP onto the nucleator surface occurs, Figure 5.3b`, b``, and finally at room 
temperature no distinction between the morphology of the iPP spherulites could be detected. 
From the comparison of Figure 5.3, B0 with B100 and B300, it is apparent that in the 
presence of nucleating agent, the crystallisation always proceed on the nucleator and 
influences the resultant morphology.  
In Figure 5.4, a comparison among three binary mixtures containing different amount of 
Irgaclear xt 386 such as 500 ppm, 800 ppm and 1000 ppm and named as B500, B800 and 
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B1000 respectively, are presented. As shown in Figure 5.3 for B300, while on cooling from 
very high temperatures, the optical micrographs also depict two stages of crystallisation 
process. Fibrillar network formation of the nucleating agent occurs, prior to the polymer 
crystallisation, where the size of the self-assembled structures depends on the amount of 
nucleating agent added to the polymer, Figure 5.3(a’-a’’) and 5.4(a-a`-a``). From the 
comparison of Figures 5.3 and 5.4 it is clear that above 300ppm of the nucleating agent no 
significant difference in the polymer crystallisation is apparent. These observations are in 
agreement with Figure 5.2 where the nucleating efficiency reaches the saturated value above 
300ppm.  
On cooling to room temperature no demarcation in the optical micrographs of the samples, 
having nucleating agent content of 300ppm and above, is observed. The resultant morphology 
is strongly influenced by the fibrillar morphology arising due to self assembling process of 
the nucleating agent at high temperatures.  In view of these optical micrographs, small 
decrease in the nucleating efficiency and onset of the crystallisation temperature, as depicted 
in Figure 5.2b and Table 5.1 respectively, for the samples having more than 300ppm of the 
nucleating agent can be explained because of the presence of sufficiently large amount of 
nucleating surface area that physically pins different segments of the same chain at the same 
time thus perturbing required chain dynamics for crystallisation.  
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Figure 5.3. Optical micrographs between crossed polarizers obtained on cooling from high 
temperature to room temperature at 10°C/min, of the neat iPP (B0) at  T=122°C (a), T=116°C 
(b), T=25°C (c) and binary mixtures iPP/Irgaclear xt 386 containing different amounts of 
nucleating agent (in ppm) B100 (a’, b’, c’) and B300 (a’’, b’’, c’’). In the binary mixtures, 
prior to the polymer crystallisation, the optical micrographs show fibril structure formation of 
Irgaclear xt 386, at T =176°C (a’) and T =180°C (a”) for B100 and B300, respectively. The 
trans-crystallisation of iPP onto the nucleating surface occurs for the two mixtures at T 
=132°C.  On cooling to 25°C, room temperature, implications of the fibrillar morphology 
arising due to crystallisation of the nucleating agent can be identified. The shown scale bar in 
Figure 5.3a’ is 100µm. 
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Figure 5.4. Optical micrographs taken between crossed polarizers of the morphology, 
obtained on cooling from high temperature to room temperature at 10°C/min, of binary 
mixtures  iPP/Irgaclear xt 386 containing different amounts of nucleating agent (in ppm) 
B500, B800 and B1000. In particular, these optical images show  the fibril morphology of 
Irgaclear xt 386 prior to the polymer crystallisation for B500 at T =231°C (a), for B800 at T 
=240°C (a’) and for B1000 at T =241°C (a”), as well as the trans-crystallisation of iPP onto 
nucleating agent surface at lower temperature T =132°C (b, b’, b”). Finally, the morphology 
obtained at room temperature for the all blends is shown in ( c), (c’) and (c”). Scale bar is 
100µm. 
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5.4 Temperature/Composition Diagrams 
Phase diagrams of the (pseudo)binary system iPP/Irgaclear xt 386 are constructed from data 
obtained by polarised optical microscopy while following crystallisation and melting 
behaviour of the binary systems. The diagrams are presented in Figure 5.5. 
The resulting non-equilibrium phase diagrams arising due to crystallisation and melting of 
chain folded crystals in the binary systems show features similarly to those of 
iPP/DMBDS106,123 and iPP/benzene tricarboxamides based compounds109. Along the 
temperature axis,  three temperature regions of the phase diagrams can be discriminated, see 
Figure 5.5. 
The high temperature region noted as L, above the crystallisation or dissolution temperatures 
of Irgaclear xt 386 in the (pseudo)binary mixtures where a homogenous liquid is formed, is 
attributed to dissolution of the nucleating agent in the molten state of iPP. Second region, 
L+N, is defined by the temperatures lower than crystallisation/dissolution temperatures of the 
additive, where the nucleating agent self-aggregates into fibrillar arrangement providing high 
surface to volume (S/V) ratio, suitable for enhancement of the heterogeneous nucleation of 
iPP. Finally, the third region P+N, is defined by the crystallisation temperature of the 
polymer, which strongly depends on the content of nucleating agent in the (pseudo)binary 
blends. 
In accordance with the DSC data, results shown in Figure 5.2a and optical images reported in 
Figures 5.3 and 5.4, the thermal properties of the two components forming the mixtures 
depend on the blend composition. For clarity, all thermal properties determined from data 
obtained by optical microscopy experiments are reported in Table 5.3. 
As a result, in Figure 5.5 two distinct concentration regimes can be observed in these 
diagrams. At low concentrations, from 100 ppm up to 300 ppm of the nucleating agent in the 
iPP matrix, the nucleating agent (N) crystallises and phase separates on cooling at relatively 
high temperatures, greater than 35°C above the experimentally observed melting temperature 
of the neat polymer (Figure 5.5 top) thus making crystallisation of the nucleating agent 
feasible in the processing window of isotactic polypropylene.  
Here we recall that melting temperature of Irgaclear XT 386 alone is higher than 415°C, and 
close to the melting temperature it goes into sublimation. From the phase diagram shown in 
Figure 5.5, substantially low dissolution temperature suggests that polypropylene melt, at 
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high temperatures, is a good solvent for the nucleating agent. It is remarkable to notice that 
the dissolution and the crystallisation temperature of the nucleating agent are independent of 
its concentration over the broad window ranging from 500 to 1000ppm. However, decrease in 
the dissolution and the crystallisation temperature of the nucleating agent occurs on 
decreasing its concentration below 500ppm, before low temperature-low concentration 
plateau is realized between 200ppm to 100ppm. The appearance of the low temperature-low 
concentration plateau suggests the concentration independence arising due to absence of 
interactions between the existing organic molecules that are shielded by the apolar polymer 
molecules. At concentrations higher than 200ppm, the increase in the dissolution and the 
crystallisation temperature suggests establishment of the organic molecule network. While on 
raising the concentration above 500ppm, the presence of high temperature-high concentration 
plateau suggests saturation of the organic molecule network formation.  These concepts are in 
agreement with the optical micrographs, Figures 5.3 and 5.4. For example at the low 
concentrations of the nucleating agent (at and below 200ppm) prior to the development of the 
fibrillar morphology, crystallisation of the polymer sets in. The absence of the fibrillar 
morphology suggests threshold in the establishment of the long range linkage of the 
crystalline organic molecules surrounded by the polymer molecules. Beyond 200ppm, for 
example at 300ppm, the occurrence of fibrillar morphology prior to polymer crystallisation 
becomes evident (Figure 5.3a’’). The existence of the fibrillar morphology arising due to 
aggregation of the organic molecules become more evident with the increasing concentration 
of the nucleating agent before it reaches a saturated value at 500ppm and above.   
The phase separation process of the organic molecules in the apolar polymer matrix is driven 
by the establishment of the polar hydrogen bonding motifs of the organic molecules. Such a 
possibility in these molecules has been elucidated by Meijer and coworkers130 where these 
authors showed nano-rod like structure formation being favoured in the apolar polymer 
matrix.  Figure 5.6 depicts the self assembling process of the organic molecules, driven by 
hydrogen bonding, dispersed in the apolar matrix.   
In particular, the crystallisation temperature of Irgaclear xt 386 (Tc,a), in the mixtures 
containing less than 500ppm of the nucleator is suppressed by more than 10°C. The 
suppression in crystallisation and melting temperature suggests that polypropylene melt is a 
good solvent for the additive. Plateau in the melting and the crystallisation temperatures, in 
the concentration region 100-200ppm, suggests that the nucleators are diluted to an extent 
that their presence in the vicinity is not realised.  
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Figure 5.5. Temperature/composition diagrams for the binary system iPP/Irgaclear xt 386 
obtained on cooling (top) and heating (bottom) in optical microscopy experiments. Symbols 
refer to data for different transitions: crystallisation and dissolution temperature of the 
nucleating agent (●,★), crystallisation and melting of the polymer (○,★) respectively. The 
notation L refers to liquid , N to the nucleating agent in solid state and P to the polymer in  
solid state. 
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Table5.3. Summary of the experimental data obtained on cooling and heating in optical 
microscopy experiments, as shown in figure 5. 
 
Sample 
Td,a 
(°C) 
Tm,p 
(°C) 
Tc,a 
(°C) 
Tc,p 
(°C) 
B0 ! 166 ! 123 
B100 230 167 197 130 
B150 230 167 198 133 
B200 234 167 199 134 
B300 260 166 207 135 
B500 286 170 231 135 
B800 285 168 238 135 
B1000 280 169 235 135 
 
(*)Td,a (°C) and Tc,a (°C) represent melting and crystallisation temperatures of the nucleating 
agent present in all mixtures, respectively. Whereas Tc,p (°C) is the onset of crystallisation 
temperature of iPP in the binary blends obtained at cooling rate of 10°C/min. 
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Figure 5.6. (a) Schematic representation of the Irgaclear xt 386 micro-sized fibrils embedded 
in the polymer matrix, (b and c) piling up of the organic nucleating agent molecules through 
hydrogen bonds. 
 
5.5 Molecular characterisation by X-ray scattering 
To follow polymer crystallisation in the presence of nucleating agent time-resolved small 
angle X-ray scattering (SAXS) and wide angle X-ray diffraction (WAXD) studies are 
performed. Studies in the concentration region (Regime I) of the (pseudo)binary system iPP/ 
Irgaclear xt 386 are of particular interest because of (a) the dependence of nucleation 
efficiency on the concentration of the nucleating agent in the polymer matrix and, (b) the 
accessible temperature region for polymer processing and flow induced crystallisation 
studies, in the presence of the nucleating agent, to be reported in the follow up publication. 
As follows we report, in Figure 5.7, 2D-SAXS images collected at two different temperatures 
representative of the polymer morphology obtained during crystallisation of B0 and B100, 
B150, B200 and B300. The 2D-SAXS images show isotropic patterns revealing that no 
orientation is observed in the quiescent conditions when temperature is decreased below the 
polymer crystallisation temperature. Figure 5.8 summarizes integrated intensity at different 
crystallisation temperatures, depicting substantial shift in the onset of the integrated intensity 
or the lamellar thickness to higher crystallisation temperatures in the presence of Irgaclear xt 
386. In Figure 5.8a, the increase in the onset of intensity arises with the crystallisation of the 
polymer that causes the volumetric increase in the electron density differences between the 
crystalline and the amorphous regions. Thus, the onset in the increase in intensity reflects 
crystallisation that is also seen in the development of the long period addressing average 
a b c 
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crystalline and amorphous regions, shown in Figure 5.8b. The slope in the intensity refers to 
the crystallisation rate, Figure 5.8a. The crystallisation rate increases with the increasing 
amount of the nucleating agent, though the onset temperature maintains the same value above 
100ppm. The intensity approaches a maximum prior to its decrease. From Figure 5.8a, it is 
apparent that the maximum intensity achieved is highest in the presence of nucleating agent 
above 100ppm. The maximum intensity correlates to the maximum volumetric differences 
between the electron density of the crystalline and the amorphous regions arising due to the 
increased number of nucleating sites in the presence of the nucleating agent. After reaching 
maxima the integrated intensity decreases, Figure 5.8a. The decrease in the intensity 
correlates with the change in slope of the decrease in the long period, Figure 5.8b. These 
changes in the electron density differences and the long period, on cooling, can be attributed 
to the secondary crystallisation of the amorphous regions between the crystallites131. 
Quantification of the data is not feasible due to non-isothermal conditions applied during the 
experiments. 
 
 
 
 
Figure 5.7. 2D SAXS patterns of neat iPP (B0) and different mixtures of iPP/Irgaclear xt 386 
(B100, B150, B200, B300) at different temperatures recorded during experiments in 
quiescent conditions.   
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T=100°C 
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Figure 5.8. Temperature dependence of SAXS intensity as a function of Irgaclear xt 386 
concentration while cooling at 10°C/min and after annealing at 260°C for 3min (a-left). Long 
period of iPP lamellae as a function of temperature for different concentrations of the additive 
in the polymer blend (b-right). 
 
In concomitance with SAXS examinations, development in the crystallinity is followed with 
the help of WAXD studies.  The iPP with and without the nucleating agent in Regime I is 
also reported. In the following 2D-WAXD images of Figure 5.9 are presented some results of 
the phase crystalline structures obtained during cooling the samples from the melt. It is to be 
noted that as expected all samples crystallise from the melt in the α−phase of iPP as evident 
from the unonriented rings of the patterns indicating the characteristic reflections (110)α, 
(040)α, and (130)α of this crystalline phase.2 
In addition, temperature dependence of polymer crystallisation on the Irgaclear xt 386 
concentration as well as estimation of the crystallinity index determined from WAXD 
patterns as a function of temperature for all samples are presented in Figure 5.10. As it can be 
observed, the onset of crystallisation temperatures of iPP slightly increases with increasing of 
additive concentration in the Regime I while the degree of crystallinity was found to be 
invariant with the mixture composition in accordance with the DSC data results shown in the 
Table 5.2. 
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Figure 5.9. 2D WAXD images of neat iPP (B0) and different mixtures of iPP/Irgaclear xt 386 
(B100, B150, B200, B300) at different temperatures recorded during experiments in 
quiescent conditions on cooling at 10°C/min. 
 
 
Figure 5.10. Onset of crystallisation temperature of iPP as a function of different 
concentrations of the Irgaclear xt 386 (left). Index of the crystallinity as function of different 
contents of the nucleating agent in the (pseudo)binary blends. 
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In conclusion we report a comparison of the polymer crystallisation temperatures as a 
function of the nucleating agent content within the Regime I of the (pseudo)binary system 
iPP/Irgaclear xt 386 in Figure 10. 
In particular this comparison show reasonable agreement among the previous SAXS, POM 
and DSC results shown in Figures 5.7 and 5.8, 5.5 and 5.2 respectively, concerning the shift 
of Tc with increasing of Irgaclear xt 386 in the mixtures due to the strong influence of 
additive in the enhancement of the iPP crystallisation. 
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Figure 5.11. Onset of crystallisation temperature of iPP as a function of different 
concentrations of the Irgaclear xt 386 obtained from several techniques. 
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5.6 Conclusions 
In this study we have sketched a pseudo-monotectic phase diagram for the (pseudo)binary 
system iPP/ Irgaclear xt 386 in a range of concentrations spanning from 0 up to 1000 ppm of 
the nucleating agent content. The proposed phase diagram showed two concentration regimes 
where, depending on the concentration of the nucleating agent in the mixtures, the overall 
polymer crystallisation was found to be strongly affected. A particular attention was paid to 
the investigation of the polymer morphology in the Regime I (0-300ppm) within the 
advanced phase diagram to provide insight on the role of the nucleating agent in the polymer 
crystallisation during quiescent conditions at molecular level. The presented insight has been 
used as a simple reference for better understanding the complex scenario when the 
crystallisation is induced by the application of shear flow. The results of the flow studies are 
detailed in the following chapter 6. 
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Chapter 6 
The Binary System Isotactic Polypropylene/Irgaclear xt 386: Implication 
on Morphology of shear and phase separation  
6.1 Abstract  
In light of the findings discussed in the Chapter 5 for the iPP/Irgaclear xt 386 mixtures during 
crystallisation in quiescent conditions, the pseudo-monotectic phase diagram of the above 
polymer system is here again proposed and  explored only over the concentration range 
spanning from 0  to 300 ppm (Regime I). 
The effect of flow is analysed on the crystallisation behaviour of the (pseudo)binary system 
consisting of an isotactic polypropylene (iPP), homopolymer grade, and an innovative 
nucleating agent (Irgaclear xt 386). To recall, the latter represents the latest generation of 
nucleating agents which are melt-soluble in the polymer matrix and therefore able to 
template, under defined process conditions, the ultimate polymer morphology.   
In the previous chapter we observed that moving along the concentration-axis of the proposed 
monotectic phase diagram two different Regimes (I and II) could be encountered depending 
on the composition of the polymer blend. In this chapter, the investigated concentration 
region for flow studies is the Regime I only i.e. polymers having the nucleating agent ranging 
between 100-300ppm. Higher concentration of the nucleating agent is avoided due to the 
requirement of higher temperatures for the dissolution of the nucleating agent that may lead 
to thermal degradation. 
In addition, as studied by Balzano et al for a similar polymer system like iPP-DMDBS, phase 
separation of Irgaclear xt 386, occurring at different temperatures of the phase diagram, is 
used to investigate the polymer induced morphology obtained with imposition of shear flow 
before and after crystallisation of the nucleating agent. With the help of polarised optical 
microscopy (POM) and small angle X-rays scattering (SAXS) the phase behaviour is widely 
examined and compared to the iPP-DMDBS studies performed by our group in past. This 
insight is presented to address further unsolved details concerning the complex mechanism 
which governs the flow induced crystallisation of polymers in the presence of the nucleating 
agent. 
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6.2 Phase Diagram iPP-Irgaclear xt 386 and quiescent conditions 
 
Polarized optical microscopy (POM) studies have shown the resulting pseudo-monotectic and 
non equilibrium phase diagram for the iPP/Irgaclear xt 386, here reported in Figure 6.1 for 
the low concentration of the nucleating agent, Regime I. 
Along the temperature axis, it is worth to recall that in the chapter 5 (Figure 5.5) we 
identified and defined different temperature regions which here are renamed as follows: 
Region I is the high-temperature region above the crystallisation temperatures of Irgaclear xt 
386 (Tca) in the (pseudo)binary mixtures where a homogenous liquid is formed owing to 
dissolution of the nucleating agent in the molten state of the iPP. Region II is defined by the 
temperatures lower than crystallisation temperatures of the additive, where the nucleating 
agent self-aggregates into fibrillar arrangement providing a high surface to volume (S/V) 
ratio, suitable for enhancement of the heterogeneous nucleation of iPP. Region III is defined 
by the crystallisation temperatures of the polymer (Tcp), which strongly depends on the 
amount of the nucleating agent in the polymer mixtures. All details regarding the phase 
diagram are reported in Figure 6.1. 
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Figure 6.1. Phase diagram for the binary system iPP/Irgaclear xt 386 obtained on cooling in 
optical microscopy experiments. Symbols refer to data for different transitions: crystallisation 
temperature of the nucleating agent (●), crystallisation of the polymer (○).  
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6.3 Flow implications on morphological structure development of iPP in presence of 
Irgaclear xt 386 
 
In Figure 6.1 a simple pseudo-monotectic phase diagram is proposed for the (pseudo)binary 
system iPP/Irgaclear xt 386 and distinct temperature-regions are observed and renamed, from 
high temperature to low temperature, as Regions I, II, III respectively.  In this section, only 
two regions, Region I and Region II, are considered for the investigation of the flow induced 
crystallisation of the iPP in the presence of Irgaclear xt 386. In particular, the effect of a shear 
rate of 60 s-1applied for 3s is studied before and after the phase separation of  Irgaclear xt 
386, under defined short-term shear protocol. The flow induced morphology of the iPP, with 
and without the nucleating agent, obtained after shear imposed has been monitored by means 
of SAXS and POM experiments. The followed short-term shear protocol is described in 
Figure 6.2. 
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Figure 6.2. Schematic drawing of the thermal history designed to obtain oriented iPP 
morphologies after shear application at different temperatures of Regions I and II. A shear 
pulse (60s-1 for 3s) is applied at different shearing temperatures (Ts) in isothermal condition.  
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6.3.1 Morphology development during shear in Region I 
 
Shear of 60s-1 for 3s at 210°C 
 
The effect of shear in Region I at 210°C (prior to the phase separation of the nucleating 
agent) is investigated for the samples containing 100, 200 and 300 ppm of Irgaclear xt 386. 
After the application of shear, all blends show an increase in the onset of the iPP 
crystallisation temperature (TC) depending on the blend composition as reported in the SAXS 
results of Figure 6.3. In fact, the SAXS integrated intensities determined from a quantitative 
analysis of the 2D-SAXS images, highlight enhancement in polymer crystallisation on 
addition of the nucleating agent. As shown in Figures 5.8 and Figure 5.11 of Chapter 5, with 
the increasing concentration of the nucleating agent the onset of crystallisation moves to 
higher temperatures and the crystallisation rate increases.  On the application of shear to 
polymers with the nucleating agent the onset of crystallisation is dramatically enhanced to 
higher temperatures. Analysis of the flow induced morphologies, obtained upon cooling the 
mixtures after shearing, suggest an isotropic growth of  iPP lamellae, see  2D-SAXS images 
of Figure 6.3. Strong influence of the nucleating agent concentration is apparent from Figure 
6.3. 
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Figure 6.3. Temperature dependence of SAXS integrated intensity at different concentrations 
of Irgaclear xt 386 on cooling at 10°C/min after the application of shear (60s-1 for 3s) at 
210°C (left) in Region I where the nucleating agent stays miscible in the polymer matrix. 
Figure on right represents 2D-SAXS images collected upon cooling the sample having 
100ppm of the nucleating agent, B100. The polymer shows isotropic morphology after 
crystallisation. The onset of crystallisation moves to higher temperatures with the increasing 
amount of the nucleating agent. 
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In accordance with SAXS, studies are also performed on the samples by polarized optical 
microscopy. Similar to SAXS experiments,  flow induced crystallisation of iPP in the 
presence of Irgaclear xt 386 is followed after the application of shear in Region I of the phase 
diagram. Figure 6.4 summarises optical micrographs of the polymer viewed in between the 
cross polars at different temperatures. At 250°C the absence of birefringent entities suggest 
miscibility of the nucleating agent in polymer melt. At 210°C, prior to crystallisation of the 
nucleating agent, a shear of 60s-1 for 3s is applied and the sheared sample is set to cool at 
10°C/min. Around 191°C, oriented weak scattering structures tend to develop along the flow 
direction.  At 167°C random distribution of the birefringent entities that can be clearly 
referred to the solidification of the nucleating agent is noticed. At 135°C onset of polymer 
crystallisation tends to occur where the intensity continues to increase on cooling further. The 
observed optical micrographs are similar to the structures observed between the cross polars 
without the application of shear, Figures 5.3b’and 5.3c’.  
 
Our results are in agreement with the observations of Balzano et al.128,129 on flow induced 
crystallisation of  the iPP/DMDBS blends and also with the earlier studies of Nogales et al.122 
about memory effects in the melts of ethylene/propylene copolymers in the presence of DBS.  
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Figure 6.4. Optical micrographs taken between crossed polarizers of B100, obtained on 
cooling at different temperatures, with a rate of 10°C/min, before and after shear of 60/s for 
3s imposed at 210°C (Ts). These figures show formation of the fibril-like crystals of Irgaclear 
xt 386 which occurs at 191°C after shearing of the sample at 210°C. It should be noted that 
the nucleating agent crystals, while growing, assume a random orientation as shear is 
imposed prior to crystallisation of the nucleating agent. Scale bar is 100µm. 
 
6.3.2 Morphology development during shear in Region II 
 
Shear of 60s-1 for 3s at 170°C 
 
The crystallisation of a systematic series of samples containing different levels of the 
nucleating agent in the iPP were investigated after shearing of the samples in Region II of the 
phase diagram for iPP/Irgaclear xt 386 system. It should be noted that, unlike Region I, in 
Region II the nucleating agent will be in the crystalline state. Prior to the application of shear 
all specimens were molten at high temperature, 250°C, to erase the previous thermo-
mechanical history and also to let the additive dissolve into the polymer. After this stage, the 
samples were sheared at 170°C, which corresponds to a temperature of about 20°C below the 
additive crystallisation temperature (Tca). The subsequent morphology development after the 
application of shear is discussed below. As illustrated in Figure 6.5, the polarised optical 
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micrographs detect some of the main stages during the flow studies. The micrographs at 
180°C reveal initial formation of micron-size fibrillar (thread-like) structures of Irgaclear xt 
386, whose intensity increases with the increasing amount of the nucleating agent in the 
blend. At 170°C, on application of the step shear alignment of the fibrils along the flow 
direction is observed. On cooling further at 10°C/min, with crystallisation of the polymer 
birefringence increases. Important to notice is that the onset of polymer crystallisation 
increases with the increasing amount of the nucleating agent. In the neat polymer oriented 
structures are also observed though they tend to be dispersed less homogeneously in the 
polymer matrix.  
 
Figure 6.6 shows 2D-SAXS images of the samples after the application of shear in Region II. 
The adopted protocol for shear is the same as in the polarised optical microscopy. The SAXS 
data is in accordance with the optical micrographs that confirms increase in orientation with 
the increasing amount of the nucleating agent. Similar to NA11, no equatorial streaks are 
observed and the structure mainly develops along the meridian. For the amount of nucleating 
agent concentration (at or below 300ppm) and the applied shear temperature (170°C, above 
the melting point of unconstrained iPP) the observed orientation is of significance. The 
orientation is likely to enhance on the application of shear at lower temperatures. The 
observed intensity suggest development of structures shown in Figure 4.5d, schematic B.  
 
Data recorded on crystallisation aspects of the polymer by DSC and optical micrograph 
without application of shear for the polymers having different concentration of the nucleating 
agents are summarised in Table 6.1. Important to notice is that the values obtained from DSC 
are in accordance with the values obtained from POM.  
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Table 6.1.Summary of Experimental Data obtained from DSC and POM techniques shown in 
Figures 5.1 and  6.1. 
 
 
Sample DSC 
T
m
(°C) 
DSC 
T
c
(°C) 
DSC 
T
on
(°C) 
DSC 
∆H
c
(J/g) 
DSC 
χ(%) 
POM 
Td,a(°C) 
 
POM 
T
m,p(°C) 
POM 
T
c,a
(°C) 
POM 
T
c,p(°C) 
B0 162 122 117 96 46 ! 166 ! 123 
B100 162 128 124 96 46 230 167 197 130 
B150 164 132 126 95 45 230 167 198 133 
B200 164 133 128 98 47 234 167 199 134 
B300 164 133 128 102 49 260 166 207 135 
 
DSC thermograms are obtained at cooling rate of 10°C/min, Tm (°C) and Tc (°C) are melting 
and crystallisation temperatures, respectively. Ton(°C) is the onset of crystallisation 
temperature. ∆Hc (J/g) is enthalpy of crystallisation and χ is the degree of crystallinity of the 
polymer estimated from the endotherms.  
 
For POM experiments, Td,a (°C) and Tc,a (°C) are melting and crystallisation temperatures of 
the nucleating agent in the polymer matrix. Tc,p (°C) is the onset of polymer crystallisation 
temperature in the binary blends obtained at the cooling rate of 10°C/min. 
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Figure 6.5. Optical micrographs taken between crossed polarisers of the neat iPP (B0) and the 
various mixtures of iPP/Irgaclear xt 386, obtained on cooling at different temperatures at a 
rate of 10°C/min, before and after shear of 180 (60s-1 for 3s) imposed at 170°C (Ts). Before 
application of the shear, independent of the nucleating agent concentration in the polymer 
matrix, fibril-like crystals of Irgaclear xt 386 are formed at 180°C. On application of the 
shear to the mixtures, fibrils of the nucleating agent, align along the shear direction and 
promote crystal orientation of iPP. Scale bar is 100µm. 
 
 
 112
sh
e
a
r
T=136°C T=130°C T=100°C
B0
B100
B150
B200
B300
sh
ea
r
 
Figure 6.6. 2D SAXS images of the neat iPP (B0) and various mixtures of iPP/Irgaclear xt 
386 collected at different temperatures after shear of 180 (60s-1 for 3s) imposed at 170°C. 
The presence of the nucleating agent enhances orientation in the polymer morphology 
depending on its concentration in the iPP matrix. 
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Shear of 60s-1 for 3s at 160°C 
 
Shear-experiments similar to that performed at 170°C were designed for all samples at a  
lower temperature of 160°C. In Figure 11, the polarised optical micrographs, obtained during 
flow studies under a defined shear pulse of 60s-1 for 3s applied at 160°C are reported. All 
samples, with and without the nucleating agent, are compared at different temperatures 
during different stages of the flow experiments prior and after the phase separation of 
Irgaclear xt 386. 
In Figure 6.7, optical micrographs taken at 170 °C reveal crystallisation of the nucleating 
agent in all mixtures. It should be noted that in case of the highest concentration of the 
nucleating agent, more birefringent entities are observed. Interesting to note is that due to the 
surface effect of the sample to glass, strong orientation of the nucleating agent crystals is 
observed.   After cooling the samples to 160°C strong shear is imposed. All samples show 
strong orientation of nucleating agent crystals, along the shear direction. On cooling further 
to 150°C, birefringent entities parallel to the flow direction become apparent in the sample 
having 100ppm of the nucleating agent. The evolution of large birefringent streaks suggest 
network formation of the nucleating agent. On cooling further to 137°C, crystallisation tend 
to occur mainly on the oriented structures, where homogeneity in dispersion of the nucleating 
agent appears to be highest in the sample having 300ppm of the nucleating agent.  
 
2D-SAXS images presented in Figure 6.8 are recorded after application of the same shear 
profile as in Figure 6.7 and Figure 6.6. Compared to Figure 6.6 stronger orientation along the 
meridian is observed, that could be explained because of the increase in the relaxation time at 
lower temperature, after cessation of the shear. The distribution of meridian intensity along 
the azimuthal suggest development of morphology similar to that observed in figure 4.5d, 
schematic B. Thus it may be concluded that in the presence of Irgaclear xt 386, under the 
defined shear conditions, formation of anisotropic crystal structures occur. Formation of these 
structures may arise from trans-crystallisation of iPP lamellae grown perpendicular to the 
fiber axis, where the fibrils are formed mainly from long chains having larger relaxation time. 
 
An estimation of chain orientation, after application of shear, has been performed by 
calculating Herman’s orientation function. The calculations are reported in Figure 6.9. The 
orientation function increases with increasing amount of the nucleating agent. In particular 
after shearing of the samples, it is revealed that in the case of neat iPP, B0, orientation 
 114
function at the start and at the end remains the same, 0.1. In the presence of Irgaclear xt 386 
all blends show substantial increase in the orientation factor. With the increasing amount of 
the nucleating agent the orientation factor increases. This becomes apparent on comparing the 
orientation factor at 105°C. The strong influence of nucleating agent concentration in chain 
orientation is indicative of the influence of surface to volume ratio that the nucleating agent 
provides to the polymer. Moreover, possible adhesion of chains to the surface of the 
nucleating agent prior to deformation cannot be ignored.  
 
In Figure 6.10, we report DSC endotherms related to melting of the samples obtained after 
shearing at 160°C.  All samples, with and without nucleating agent, show melting peak in the 
proximity of 165°C.  In the case of blends,  having the highest content of the additive B200 
and B300, presence of a small endothermic peak (adjacent to the main peak) at higher 
temperature 171°C is noticed. The small endotherm can be attributed to the formation of 
extended chain crystals.  
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Figure 6.7. Optical micrographs of the neat iPP (B0) and mixtures of iPP/Irgaclear xt 386 
recorded between cross polars at different temperatures.  The micrographs are recorded 
during cooling at a rate of 10°C/min, before and after shear of 180 (60s-1 for 3s) applied 
under isothermal condition at 160°C (Ts). The figures also show formation of fibril-like 
crystals of Irgaclear xt 386 at 170°C for different concentrations of the nucleating agent, prior 
to the application of shear.  On application of shear to the mixtures, the fibrils of nucleating 
agent, align along the shear direction and enhances crystal orientation of iPP.  Scale bar is 
100µm. 
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 Figure 6.8. 2D-SAXS image recorded on cooling at 10°C/min for the neat iPP (B0) and 
various mixtures iPP/Irgaclear xt 386 after the application of shear (60s-1 for 3s) at 160°C.  
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Figure 6.9. SAXS azimuthal patterns of the sheared samples, neat iPP (B0) and various 
mixtures of iPP/Irgaclear xt 386, at 100°C obtained on cooling after application of  shear 180 
(60s-1 for 3s) at 160°C (left). Herman’s orientation factor, as a function of temperature,  for 
all samples containing different levels of Irgaclear xt 386 (right) is depicted.  
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Figure 6.10. DSC thermograms of the neat iPP (B0) and various mixtures of iPP/Irgaclear xt 
386 obtained on heating at 10°C/min. In this figure, we report melting temperature of the 
sheared samples crystallised after imposition of shear 180 (60s-1 for 3s) at 160°C. The 
samples used are obtained after performing of the SAXS experiments depicted in Figure 6.8. 
 
Figure 6.11 summarises onset of crystallisation temperature, obtained from time resolved 
SAXS studies. The experiments were performed in-situ while cooling sheared melt of the 
polymer, with and without the nucleating agent, at temperatures prior and after crystallisation 
of the nucleating agent. Each data point shown here is representative of the onset of intensity 
recorded while cooling the sample at 10°C/min. The applied strain in all samples, 
independent of the amount of the nucleating agent, is 180 (60s-1 for 3s). The effect of shear 
conditions, either in Region I or Region II, on crystallisation is apparent in the sample 
without nucleating agent. This difference decreases in the presence of the nucleating agent 
above 100ppm. The shift in the onset of crystallisation to higher temperatures occurs in the 
samples sheared within Region II i.e. after crystallisation of the nucleating agent. Above 
150ppm of the nucleating agent no considerable influence in the shift of the onset of 
crystallisation is noticed. These findings conclusively demonstrate the role of nucleating 
agent on the onset of crystallisation and optimum limit of the nucleating agent concentration 
in obtaining the preferred morphology.  
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Figure 6.11. Onset of crystallisation temperatures (Tc) of the neat iPP (B0) and various 
mixtures of iPP/Irgaclear xt 386 as a function of nucleating agent concentration. Tc has been 
determined from SAXS experiments upon cooling the samples from high temperature in 
quiescent conditions and after shear imposed at three different temperatures. 
 
6.4. Conclusions 
The influence of an innovative nucleating agent, Irgaclear xt 386, combined with different 
shearing temperature conditions have been studied on the crystallisation of iPP. 
The main conclusions can be itemised as follows: 
1) The construction of an experimental phase diagram of the (pseudo)binary system 
iPP/Irgaclear xt 386, reveals the nucleating agent, which is melt-soluble in the 
polymer at high temperatures, can form upon cooling a network of fibrillar crystals of 
a large surface and a length in the order of microns at relatively lower temperatures 
and near the actual processing temperature used for iPP. Formation of these fibrous 
crystals provides suppression of the nucleation barrier to initiate the iPP nucleation 
most likely due to epitaxial matching between the polymer and the nucleating agent. 
The overall polymer crystallisation is enhanced depending on the nucleating agent 
concentration under flow conditions. 
2) The nucleating agent network can be used to retain orientation at molecular level 
when shear flow is applied after its formation. In particular, we have observed by 
means of SAXS and POM experiments that when the nucleating agent is not formed 
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yet (Region I), the imposition of a strain of 180 (60s-1 for 3s) is not sufficient to 
preserve a crystal orientation at room temperature because the molecular fluctuations 
at this shearing temperature are so high that any possible induced orientation in 
polymer chains is lost with time elapsed. Instead, when the nucleating agent can 
complete its crystallisation therefore forming a network of fibrils prior to the iPP 
crystallisation, application of shear flow determines alignment of the nucleating agent 
crystals in the polymer melt along the flow direction. The alignment of those entities 
can template the final iPP polymer morphology with a formation of shish-kebab 
structures which are maintained when temperature is decreased below the polymer 
crystallisation. 
3) Two main effects can play the major role in accelerating the iPP nucleation under a 
constant shear of 180: shearing temperature (Ts) or the nucleating agent concentration. 
When a shear of 180 is imposed at large undercoolings and without the presence of 
Irgaclear xt 386, the relationship between the polymer crystallisation temperature and 
nucleating agent concentration is similar to that observed in the quiescent conditions 
and also the polymer morphology obtained seems not be affected by shear. In this 
case Irgaclear xt 386 is the only factor influencing the iPP nucleation. If the strain is 
imposed at lower undercoolings, Region II, the iPP oriented morphologies in the 
blends are formed with a degree of orientation which depends on the nucleator 
concentration. However, at these temperatures also the neat iPP shows improvement 
in the crystallisation temperatures which are much closer to those detected for 
crystallisation of the iPP component in the mixtures. This suggests that the 
contribution from shearing of the iPP crystallisation starts to be competitive with the 
effect produced by the nucleating agent. 
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Chapter 7 
Conclusions 
Flow induced crystallisation (FIC) is the predominant factor responsible for the properties of 
the melt-processed polymers. When a polymer experiences application of flow in the melt 
condition the overall crystallisation stage is affected and different scenarios can be observed: 
(a) increase of the nuclei density (flow-enhanced nucleation), (b) formation of oriented 
fibrillar nuclei (precursor’s formation or shish) and (c) growth of lamellar crystals 
perpendicular to the shish structures (oriented daughter lamellae or kebabs). As a result, 
reduction of the nucleation  induction time for polymer crystals improve the ultimate polymer 
properties and guarantee better  melt-processing at lower cost. Another important aspect to be 
considered, as an improvement for the melt-processed polymer condition, is the use of 
nucleating agents. Generally speaking, a nucleating agent is a good example adopted by 
polymer industry especially to better altering the optical and mechanical properties by 
generating smaller polymer spherulites and rendering the final product fully clarified.  
The primary objective of this thesis is to study crystallisation of polymer molecules during 
flow in the presence of nucleating agents having different chemical structures and properties. 
 For this purpose, isotactic polypropylene (iPP) having molar mass 365K g/mol and molar 
mass distribution 5.4,  obtained from a commercial source is utilised. The morphology of 
semicrystalline polymer in the quiescent and flow conditions is revealed using time resolved 
optical microscopy and X-ray scattering (SAXS/WAXS) techniques. Rheological aspects of 
polymer melt in the presence of nucleating agents are manifested. Thermal changes are 
followed by DSC.  
In Chapter 4 the effect of a commercial nucleating agent such as NA11 has been studied on 
the crystallisation kinetics of polymer with and without application of shear. In the absence of 
shear, crystallisation of the iPP from quiescent melt with and without the nucleating agent is 
investigated. The probable epitaxial matching between the NA11 molecules and the polymer 
promotes remarkable enhancement in the overall crystallisation rate of the polymer. 
In the presence of shear, different shear rates and shear times are varied and applied to the 
polymer melt. The observations are that the resulting polymer morphology show strong 
dependence on the shear rate compared to shear time. In particular, also for the neat polymer, 
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when the applied shear rate is beyond a critical threshold of 30s-1 the resulting polymer 
crystalline structure is influenced and a diverse degree of orientation can be retained. This 
orientation is higher when polymer crystallisation occurs in the presence of NA11.  
In Chapter 5 a pseudo-monotectic phase diagram for the (pseudo)binary system iPP/ Irgaclear 
xt 386 in a range of concentrations spanning from 0 up to 1000 ppm of the nucleating agent 
content is presented. The proposed phase diagram showed along the x-axis two concentration 
regimes where, depending on the concentration of the nucleating agent in the mixtures, the 
overall polymer crystallisation was found to be strongly affected.  
Along the y-axis, instead, three different temperature regions can be identified. At high 
temperature the nucleating agent dissolves in the iPP melt and forms homogeneous liquid. 
While on cooling, with crystallisation of the nucleating agent, liquid to solid phase separation 
occurs. This crystallisation is observed above the melting point of iPP. The crystallised 
nucleating agent spreads over the polymer melt, and provides heterogeneous nucleation sites 
suppressing the nucleation barrier for polymer crystallisation, thus shifting the crystallisation 
temperature to higher values.  
A particular attention was paid to the investigation of the polymer morphology in the 
concentration regime of the nucleating agent between 0 and 300ppm to provide insight on the 
role of the nucleating agent in the polymer crystallisation during quiescent conditions at 
molecular level. The presented insight has been used then as a simple reference for better 
understanding the complex scenario when the crystallisation is induced by the application of 
shear flow. The results of the flow studies are detailed in Chapter 6. In this latter Chapter on 
the application of constant shear, by varying shear rate and shear time, influence of 
nucleating agent on iPP prior and after its crystallisation is followed in time by optical 
microscopy and time resolved SAXS. The studies are further extended to different shear 
temperatures with the view to influence relaxation process of polymer chains. The nucleating 
agent network can be used to retain orientation at molecular level when shear flow is applied 
after its formation. In particular, we have observed by means of SAXS and POM experiments 
that when the nucleating agent is not formed yet (Region I), the imposition of a strain of 180 
(60s-1 for 3s) is not sufficient to preserve a crystal orientation at room temperature because 
the molecular fluctuations at this shearing temperature are so high that any possible induced 
orientation in polymer chains is lost with time elapsed. Instead, when the nucleating agent 
can complete its crystallisation therefore forming a network of fibrils prior to the iPP 
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crystallisation, application of shear flow determines alignment of the nucleating agent 
crystals in the polymer melt along the flow direction. The alignment of those entities can 
template the final iPP polymer morphology with a formation of shish-kebab structures which 
are maintained when temperature is decreased below the polymer crystallisation.  
Two main effects can play the major role in accelerating the iPP nucleation under a constant 
shear of 180: shearing temperature (Ts) or the nucleating agent concentration. When a shear 
of 180 is imposed at large undercoolings and without the presence of Irgaclear xt 386, the 
relationship between the polymer crystallisation temperature and nucleating agent 
concentration is similar to that observed in the quiescent conditions. If the strain is imposed at 
lower undercoolings, Region II, the iPP oriented morphologies in the blends are formed with 
a degree of orientation which depends on the nucleator concentration. However, at these 
temperatures also the neat iPP shows improvement in the crystallisation temperatures which 
are much closer to those detected for crystallisation of the iPP component in the mixtures. 
This suggests that the contribution from shearing of the iPP crystallisation starts to be 
competitive with the effect produced by the nucleating agent. 
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Recommendations 
 
The thesis covers the important topics of flow induced crystallisation in presence of 
commercial nucleating agents and provides a significant background for future research. The 
flow induced crystallisation experiments although suitable for studying the physics behind 
polymers have been performed over a limited range of shear rates which are far from the 
range experienced during processing operations like extrusion or injection moulding. Hence, 
as the flow effects on polymer crystallisation are nonlinear, it is necessary to understand the 
structure development at high shear and/or strain rates using other advanced techniques with 
real-time processing conditions.  
The results obtained during this research are mainly experimental and more detailed 
correlation with a theoretical model is required. For instance, the studies explained in Chapter 
4, 5 and 6 using two nucleating agents (viz. NA11 and Irgaclear xt 386), having different  
chemical nature and properties, alter the relaxation times of the polymer chains which 
influence the polymer crystallisation and morphology. This details needs to be further 
investigated for instance with use of rheology and modelling approaches. 
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